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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1019

GEOMAGNETIC- AND INTERPLANETARY-MAGNETIC-FIELD
ENVIRONMENT OF AN EARTH SATELLITE

By Edward W. ILeyhe
SUMMARY

A general description of the geomagnetic field is presented to
acquaint the reader with the various phases of this subject. This
description consists of brief surveys of (1) the methods of classifica-
tion of magnetic activity; (2) the earth's main magnetic field; (3) the
solar, lunar, and disturbance variations in the geomagnetic field; (4)
the short-period fluctuations and pulsations in the geomagnetic field;
(5) the current systems responsible for these variations and fluctua-
tions; and (6) the correlation of magnetic-field disturbances with solar
activity. ’

Magnetic-field measurements obtained from recent rocket and satel-
lite flights are presented and discussed. The measured magnetic field
is compared with the theoretical field, evidence concerning current
systems and magnetic storms at various altitudes is presented and dis-
cussed, the distant geomagnetic and interplanetary magnetic fields are
examined, solar activity is correlated with interplanetary-magnetic-
field disturbances, and the existence of a lunar magnetic field is
investigated.

In addition, approximations used to calculate magnetic-field changes
in passing through a current system are discussed together with altitude
extrapolation of the magnetic-field intensity. A brief reference to
magnetometers is included.

INTRODUCTION

The new frontier of space travel has tremendously broadened the
concept of environment. One phenomenon of new-found importance is the
geomagnetic field. The environmental effects of the geomagnetic field
upon an earth satellite are both direct and indirect.



The geomagnetic field directly affects the drag, the direction of
motion, and the attitude of a satellite. These effects are a consequence
of the interaction of the geomagnetic field with the electric charge that
accumulates on a satellite, with currents that are induced on a satelliie
by the geomegnetic field as a result of the motion of the satellite, and
with currents that result from the operation of instruments, and so forth,
within the satellite. These direct effects are small but may be signif-
icant for a satellite that is to be 1n orbit for an extensive period of
time.

Indirectly, the geomagnetic field affects a satellite by its inter-
action with other environmental phenomena. Thus, the geomagnetic field
determines the trajectories of cosmic rays and i1s the agent through which
charged particles become trapped in orbits around the earth toc form the
Van Allen radiation belts. There 1s also a direct correlation between
the geomagnetic field and auroras, ionic motions within the ionosphere,
and radio-wave interference.

In addition, the geomagnetic field can be used to determine the spin
rate and orlentation of rockets and satellites by means of aspect
magnetometers.

The primary purpose of thils paper, therefore, is to present a brief
description of the geomagnetic field for engineers and scientists with
little or no previous knowledge of the subject who may be engaged in the
design, operation, and utilization of earth satellites. As a result,
the materlal presented herein is mainly concerned with the distributions
in time and space and the magnitudes of the various constituent fields.
Also, recent rocket and satellite data are discussed and evaluated.

SYMBOLIS
Ap dally local equivalent amplitude
m
An,gﬁ spherical harmonic coefficlents
Aﬁ,Eﬁ modified spherical harmonic coefficients
Ap dally planetary equivalent amplitude
a radius of current volume cylinder

ay 3-hour local equivalent amplitude



8m P

8p

Fourler coefficients
3-hour planetary equlvalent amplitude
north magnetic pole

magnetic character figure

international magnetic character figure

numbers lylng between zero and 1

disturbance magnetic field; also, magnetic declination
irregular disturbance variation

daily mean of disturbance

dally mean of disturbance for international disturbed days

storm-time variation

distance between poles of magnetic dipole
total magnetic-field intensity

main magnetic-field intensity

total magnetic-field intensity minus local external variable-
magnetic field intensity

variable magnetic-field intensity

nonlocal part of variable-magnetic-fileld intensity
Gaussian coefficlents

horizontal component of magnetic-field intensity

horizontal component of magnetic-field intensity at geomagnetic

equator
height above earth's surface

magnetic inclination



Pn(cos 8)

Pn

Pg(cos 8)

P,P.

line current
volume current intensity
sheet current intensity

sheet current intensity when current vector has been rotated
through 90o

magnetic 3-hour index

magnetic 3-hour planetary index
magnetic 3-hour standardized index

lunar daily variastion

perpendicular distance from a current-carrying line to a
point P

magnetic moment

order of terms in spherical harmonic series; also, magnetic
pole strength

north geographic pole

sunspot numbers per year

degree of terms in spherical harmonic series
center of earth or of dipole

points in space

a point on a current-carrying line

Iegendre function

,m(cos 8) assoclated Legendre function

quasi-normalized associated Legendre function

positive and negative magnetic poles of a dipole



R range

Rg radius of earth

r distance measured from center of earth or from center of dipole
To distance ffom'center of earth to center of ring current

S solar daily variation

Sp disturbance dally variation

S3 disturbed-day solar déily vériatioﬁ o

Sq quiet-day solar daily varlation

t time

to initial time

U mesn interdiurnal variability )

u,uy magnetic-activity measures

v magnetlc potential

Vi potential of dipole

Vn sum of terms having degree n in the sphe?iéﬁl;harmonic

expression of potential SR
X geographic north component of magnetic-field intensity
X' geomagnetic north component of magnetic-field. intensity
dfﬁ(cos 9) .

XD = ) .

n ndo : Pty
Y geographlic east coqponent‘ofgmagnetic-fie;d ;nteqs;ty

Y geomagnetic east component of magnetic-field int;nsity

mPﬁ(cos 8) o

8- —— 5

n sin 6



zZ vertical component of magnetic-field intensity, 2 = Z'
a unipolar sunspot group

aﬁ,ﬁﬁ coefficients defined by equations (17) and (18)

B bipolar sunspot group

By semicomplex sunspot group

7 = 10"5 I'; also, complex sunspot group
A departure from a specified base

angle between magnetic axis and horizontal intensity H
projected to intersect axis

<) geomagnetic colatitude
] geographic colatitude
8o geographlc colatitude of the geomagnetic poles

K = arc NPl

A geomagnetic longitude

A geographic longitude; also wavelength

Mo geographic longitude of geomagnetic poles
o angle between F' and 3

® geomagnetic latitude

p-

geographic latitude

% geographic latitude of geomagnetic poles

s angle between geographic and geomagnetic meridians at
point P

Subscripts:

av average

e external source



i internal source

J index

m order of terms in spherical harmonic series where
m=1,2, . . .

max maximum

n degree of terms in spherical harmonic series where

n=1,2, . ..

8 surface value

1 perpendicular to spin axis of vehicle

Superscripts:

e external source

h designates hours

1 internal source

m order of terms in spherical harmonic series where
m=1,2, . . .

A bar over a symbol designates a vectorial quantity.

GENERAL DESCRIPTION

The material concerning the general description of the geomagnetic
field is based on information obtained from references 1, 2, and 3.

The geomagnetic field is produced by sources both internal and
external to the solid envelope of the earth. The largest part of the
geomagnetic field is of internal origin with a small, less than 1 per-
cent, portion of the fleld being of external origin. For descriptlve
purposes, the geomagnetic field is assumed to be a permanent field upon
which are superposed fields that change with time. That part of the
geomagnetic field that can be represented as a uniformly magnetized
sphere, or similarly, a magnetic dipole, 1s called the regular field.
The remaining part i1s called the irregular field of which the permanent
part is called the residual field.

The geomagnetic fileld of internal origin is primarily ascribed to
electric currents in the form of eddies in the earth's metalllc fluid
core which, when rotated by the earth, give an aggregate effect of a



single current flowing in a large circle around the earth's core. The
process resembles that occurring in a self-excited dynamo. Overall,

the field is fairly stable but the individual eddies, which start, grow,
and decay, produce continental and regional anomalies. These anomalies
are the nonpermanent part of the irregular field of internal origin, and
their change with time is called the secular variation which is a slow
variation that 1s measured in years or decades. (See fig. 1 which is
from ref. 1.) The permanent part of the irregular field of internal
origin is composed of local anomalies due to large deposits of ferro-
magnetic material.

The external sources of the geomagnetic field are also electric
currents but these currents are located in and above the atmosphere.
The fields produced by these electric currents are, within the limits
of observational data, entirely variable and nonpermanent in nature.
The currents are a direct result of solar radiation, both electro-
magnetic and corpuscular.

The effective high-frequency part of the electromagnetic radiation
from the sun, such as ultraviolet and X-ray radiation, lonizes the atmos-
phere and produces the layers known collectively as the ionosphere. In
this layer, the ion-density distribution about the earth is a function
of the intensity of the ionizing radiation, which falls only on the sun-
1it hemisphere, and of the recombination time of the ions. Movement of
these ions with respect to & fixed point on the earth results in a cur-
rent. The ion movement is due to potential differences, tidal motion,
and thermal expansion. However, the apparent motion of the ions due to
the earth's rotation produces the major effect. Thus, the resultant
magnetic-field variation is primarily a function of local (that is,
solar) time. In addition, tidal motions associated with the moon pro-
duce a variable magnetic field that 1s a function of lunar time.

During periods of intense solar activity, corpuscular radiation
spews out from the sun in the form of a plasma. When this plasma encoun-
ters the earth's magnetlic field, many of the charged particles are
trapped in orbits about the earth and produce currents. These currents
are thought to be in the form of a ring encircling the earth at dis-
tances of several earth radii from the earth. The currents gradually
decrease as the particles are either absorbed by the atmosphere or
escape into space. The departure of the magnetic field from normal
field values during such an encounter commences salmost simultaneously
over the whole earth. GSuch magnetic disturbances are characterized by
a notable decrease in the average value of the horizontel magnetic-
field intensity with a gradual recovery over several days. Magnetic-
field changes such as these are called magnetic storms and are not
related to solar or lunar time, : :
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Because of the manner in which they arise, the variable magnetic
fields have been given the following general designations: (1) those
related to the solar day are denoted by §5; (2) those related to the
lunar day are indicated by L; and (3) those that exhibit significant
or irregular departures from the expected dally variation are designated
by D and are referred to as disturbances. These general designations
permit some overlapping of the classes as will be seen in the section
entitled "Magnetic Classification.” Many authors refer to these vari-
able magnetic fields as "transient magnetic variations.” However, most
authors prefer to group the variations having a 24-hour period under
the name "temporal variations" and to refer to the rest as "transient
variations."

Two additional currents that affect the geomagnetic field are that
which is induced within the earth by the atmospheric currents and that
which proceeds from the air into the earth or from the earth into the
air. The former has a magnitude of about one-third that of the upper
atmospheric system, whereas the latter, which 1s of a nonpotential
nature, is usually ignored.

The cgs system of units 1s universally used in geomagnetic work.
The unit of magnetic-field intensity is a gauss and is denoted by the
symbol T. A smaller unit that is extensively used is the gamma 7,

where 1y = 10-°r.
The total magnetic-field intensity F at any point is specified

by the rectangular components X, Y, and Z or by the magnetic elements
H, D, and I which are defined as follows (fig. 2 which is from ref. 2):

F total magnetic-field intensity

H horizontal component of F, always positive

X component of H 1in geographic meridian, positive if northward
Y component of H transverse to geographic meridian, positive

if to eastward
zZ ' vertical component of F, positive 1f downward

D azimuth of horlzontal component, or magnetic declination,
positive when measured from geographic north toward east

I angle made by direction of F with H, or magnetic dip or
magnetic inclination, positive if force is directed downward

The rectangular components and the magnetic elements are related to each
other by the following equations:
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H=Fcos I A
X =Hvcos D
X° + Y2 = H°
? (1)
7 =Fsin T =Htan T
Y=Hsin D
X2 + Y2 + 22 = B2 + 2% - PP

The vertical plane through the magnetic intensity, or through its
horizontal element, 1s called the local magnetic meridian. The magnetic
meridian makes the angle D with the geographic meridian. At a fixed
altitude, the line on which Z (or 1I) vanishes 1s referred to as the
magnetic equator. The line on which Z (or 1I) of the earth-centered
dipole vanishes is called the geomagnetic equator.

At times it is convenient to use a geomagnetic coordinate system
based on the polar axls of the centered dipole. The geomagnetic coor-
dinates ®, or ® =960° - 8, and A of a point P whose geographic
coordinates are 6, or ¢ = 90° - 8, and A, where the coordinates are

the colatitude, latitude, and the longitude, respectively, are calculated

in the following manner,

Figure 3 (from ref. 1) shows a spherical triangle on which B is
the north magnetic pole of the centered dipole and N 1is the north
geographic pole. The colatitude © 1s measured from the direction of
OB, where O 1s the center of the earth. The geomagnetic longitude A
is measured eastward from the meridian half-plane hounded by the dipole
axls and containing the geographic south pole. The magnetic declination
corresponding to the centered dipole field, at any point P, is the
angle NPB or ¢ measured eastward from the geographic north direc-
tion PN. From the spherical triangle, NB =05, NP =6, BP = 8,

NBP = 180° - A, NPB = -y, and BNP = A - A\g. lLet PP; be the perpen-
dicular on the surface from P +to the line NB and «k = NPl. Then,

on the spherical triangles NPP;, NFB, and BPP}

tan k = tan 6 cos(A - No) (2)

tan(A - No)sin x
sin(k - 8p)

tan A

(3)

cot ® = cos A cot(k - 85) (%)

LA Tl a N
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sin 8o sin(A - Ng) sin 85 sin A

- (5)

sin = -
v sin @ sin ©

The magnetic north and east components based on the geomagnetic axes
are designated X' and Y'.

MAGNETIC CLASSIFICATION

From extensive analyses (refs. 1 and 2) of the variable magnetic
field that 1s produced by electric currents located in and above the
atmosphere, a number of characteristic patterns with time and latitude
have been discerned. The variable magnetic field at any instant and
location is considered to be the sum of the individual fields that pro-
duce these patterns plus any irregularities that are present. Each
constituent field results from solar radiation, as previously discussed.
Graphs of the magnetic elements (or components) as a function of time
for a particular constituent field taken over an appropriate time inter-
val are called the variation of that constituent fileld.

The variastion of each constituent field is denoted by an appropriate
name and symbol, which is also used to indicate the Instantaneous value
of that field. These constituent-field variations are as follows: (1)
The quiet-day solar daily variation Sg which has a period of 24 hours

and results from electromagnetic radiation during so-called normal solar
activity; (2) the disturbance daily variation Sp which also has a
period of 24 hours but is primarily the result of enhanced electromag-
netic radiation caused by abnormal solar activity such as flares; (3)
the storm-time variatlon Dst which is a result of solar corpuscular

radiation and is measured from the onset of the storm; and (4) the
lunar daily variation L which is a result of the moon's tidal effect
on the ionosphere. The rest of the field exhibits no regular pattern
and has no singular source; it is referred to as the irregular varia-
tion Dy.

In order to obtain some estimate of the magnitude of these varia-
tions, averaging procedures have been devised to separate these con-
stituents from each other and from the permsnent field. These procedures,
however, are imperfect and the elements (or components) of each of the
variations so obtained include contributions from all the other varia-
tions. This imperfection is particularly true for Sp. Nevertheless,

these averaged values are considered to represent the actual varlations,
and the same designations are applied as are used for the idealized con-
cepts. In addition, various magnetic indices for determining the rela-

tive magnet activity of disturbances over various periods have been
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evolved. These averaging procedures and magnetic indices are essentially
quotations from reference 2 and are summarized as follows:

Hourly values: Hourly values are the mean values of any magnetic
element (or component) for l-hour intervals which extend either from
one exact hour to the next or are centered at each exact hour.

Daily mean values: The mean of the 24 hourly values of any magnetic
element (or component) from midnight (Oh) to the following midnight (2hh)
is called the daily mean value of that element (or component).

Monthly (or annual) mean value: The daily mean value of any mag-
netic element (or component) may be averaged over a month (or year) to
obtain the monthly (or annual) mean value of the element (or component).
In the same way, the group mean value for a group of selected days may
be obtalned from the daily means.

Mean hourly values: The mean of the hourly values of any magnetic
element (or component) for a particular hour of the day taken over the
days of the month (or year) is referred to as the mean hourly value for
the month (or year) of that particular hour and element (or component).
The mean hourly value is obtained for all 24 hours. Similarly, mean
hourly values may be obtalned for a selected group of days.

Mean daily inequality: The difference between the mean hourly
values for the month (or the year) and the monthly (or yearly) mean value
for any magnetic element (or component) gives a sequence of hourly depar-
tures which is known as the mean daily inequality for the month (or year).
Simllarly, the mean dally inequality may be obtalned for a particular
group of days.

Daily-variation curve: The variation with time of the 24 values
of the mean dally inequality for any magnetic element (or component) is
called the daily-variation curve of that element (or component) for the
month (or the selected group of days).

Solar daily variation §S: The daily-variation curves for the three
elements (or components) derived from all the days of the month are
designated the solar daily variation S.

Quiet-day solar daily variation Sq: The daily-varistion curves

for the three elements (or components) obtained from the five most quiet
days of the month are known as the quiet-day solar daily varilation Sq.

Disturbed-day solar daily variation §83: The daily-variation curves
for the three elements (or components) obtained from the five most dis-
turbed days of the month are called the disturbed-day solar dailly
variation Sg.
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Iunar daily variation L: The magnitude of the lunar daily varla-
tion L 1is very small, about one-tenth of that of the solar daily
variation 8, and cannot be detected by mere visual inspection of the
records of a single day as can be done with the solar daily variation S.
The lunar daily variation is obtalned as follows.

Subtract the monthly mean value and the values for the appropriate
hours of the solar daily variation S from the 2k hourly values of the
day for each magnetic element (or component). This operation is performed
for each day of the month for many months. The differences will vary
over the 24 hours of each day because they contain the lunar daily varia-
tion L and the magnetic disturbances. These 24 successive values for
each day are now arranged 1n rows, one row for each day and each row
commencing with the hour nearest to that of the lunar transit. If the
means of the values in each column are taken, the variations due to the
magnetic disturbances cancel out, as they are not related to lunar time,
The row of aversges thus gives only that part of the variation of the
earth's magnetic field which 1s related to the lunar time, that is, the
lunar daily variation L. Similarly, the lunar daily variation can be
obtained for a particular phase of the moon by choosing appropriate days
of the month for many months.

Disturbance variations: The disturbance field D 1is defined as
the instantaneous value obtained from the difference between the total
field and the average field with due allowance for Sq and L, which

are now thought of as instantaneous values. Thus,

t

1

D=F - ——— Fdt - 8y - L 6

t_toft . (6)
(o]

where the integral 1is over an interval of, say, 1 month and the magni-
tudes of Sq and L for the same time of day as F are used. The

magnetic elements (or components) rather than the total field may be
similarly obtained. The disturbance field is the resultant of three
types of disturbances whose variations are referred to as the disturbance
daily variation Sp, the storm-time variation Dgt, and the irregular

variation Dji.

The disturbance daily variation Sp arises from a systematic dif-
ference, particularly noticeable in higher latitudes, between S or Sy

and Sq. The distribution over the earth of the field representing this.
difference is very different from that of the Sq fileld. As the Sp field

is still related to solar time, either difference 8 - Sq or 53 - Sq is
called the disturbance daily variation. The intensity of Sp 1s obviously
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greater for the latter difference but the distributions over the earth
are similar for the two differences.

The average time history of the storm-time variastion Dgy 1s
obtained as follows. At a particular station, a number of magnetic
storms of roughly similar intensity are chosen so that the times of
commencement of the storms are fairly evenly distributed over the 2k hours
of Greenwich time. A particular magnetic element (or component) is now
chosen and its successlve hourly values are written out in rows, one row
for each storm and each row commencing with the value of the element for
the hour preceding the commencement of the storm. The hourly values in
the vertical columns are added snd the means are then taken. In the
hourly means thus obtained, all periodic changes of the magnetic element
(or component) which depend on the local time evidently cancel out owing
to the fact that the hours of commencement are almost uniformly distrib-
uted over the solar day. The mean of the first column, which is the
mean value of the element (or component) for the hour preceding the com-
mencement of the storm, is subtracted from the row of means and the dif-
ference 1s plotted as a function of time. Thils plot represents the
storm-time variation Dgy.

The irregular disturbance variation has no statistical meaning
inasmuch as the average over a period of, say, a month of the values of
the elements (or components) for each particular hour of the irregular
disturbances would be zero. As a concept, however, it may be thought
of as being the variation obtained by subtracting the instantaneous
values of Sp and Dgy from D.

Daily mean disturbance Dp: The dally mean disturbance 1s the mean
of the disturbance daily variation Sp taken over the day and is denoted

by Dy. Because of the way in which the values for S are obtained,
the average value over the day 1s not zero as would be expected if it
were the true disturbance dally variation. Furthermore, the average
value over the day is obviously greater when Sp 1s taken as Sy - Sy
then when it 1s taken as S - 8q. It is evident, therefore, that the

value of D, 1is related to the storm-time variation Dst‘ In addition,

an international daily mean disturbance Dyiy 1s obtained by using in
the term Sy only selected disturbed days that ocecur over the entire

earth.

Range R: The range R 1s the difference between the highest value
and the lowest value within a specified period of any curve generated
from magnetic-field data. When the range 1s obtained from the magnetic
elements (or components), it affords & fairly good classification of
days according to their relative degree of disturbance. However, on
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some days the range may depend on & single brief disturbance in the
magnetic field.

Magnetic character figure C: The magnetic character figure C
is a rough indication of magnetic activity for the day. It 1s so defined
that days of quiet magnetic condition are identifled by the character
figure C = 0, days of moderate disturbances by the character fig-
ure C = 1, and days of intense disturbances by the character fig-
ure C = 2. The exact method of assigning these character figures is
left to the discretion of each observatory. The magnetlc character
figure averaged over all observatories, to one decimal place, is called
the international magnetic character figure C4 for the day and char-
acterizes the worldwide magnetic condition. The five most quiet and
the five most disturbed days of a month are called the international
quiet and the international disturbed days of the month, respectively.

Magnetic-activity measures u and uj: As previously noted, one

feature of a magnetic storm 1s that the average value of the horizontal
component of the magnetic-field intensity H 1s decreased immediately
after the incidence of the disturbance. The intensity then gradually
recovers to its normal value. The change in the average value of H
from one day to the next can be used to obtaln a universal measure of
the magnetic activity u for the period under consideration. The com-
putation of u 1is made as follows.

To each day is assigned the difference obtained by subtracting the
mean value of H for that day from the mean value of H for the pre-
ceding day. The average of the absolute values of these differences
over a month may be called the mean interdiurnal variability of the
month U and is expressed in gammas. A worldwide magnetic disturbance
may be considered to be due to circular current systems in space encir-
cling the earth parallel to the magnetic latitudes. The magnetic field
of such a current system is directed along the magnetic axis but only
the element H 1s effective in producing the prominent observed change
during a magnetic storm. Hence, the universal magnetic-activity meas-
ure u 1is introduced and is given by u = (U x 10‘1)Zpos t, where {
is the angle in space between the magnetic axis and H projected to
intersect the axis.

Another measure of the magnetic activity is uy which is a func-

tion of u. Since the value of the daily magnetic character figure C
cannot exceed 2, it follows that the great magnetic storms get less
weight in the monthly means of the character figure C than in the
monthly value of u which has no upper limit. It is desirable to have
a measure of magnetic activity which 1s Just as well defined as u but
at the same time reduces somewhat the influence of exceptionally great
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disturbances. ©Such a measure 1s wu; which was introduced by Bartels

(ref. l) and 1s related to the u-measure by the curve generated by
plotting the values given in table I.

K-indices: In order to provide a homogeneous running record of
disturbances, a magnetic K-index for each 3-hour interval has been
introduced, with the first 3-hour interval beginning at the Greenwich
mean time OB, These K-indices are based on a range R which in this
instance is applied to the curve generated by plotting the disturbance D
as a function of time for each 3-hour period for the most disturbed ele-
ment. The K-indices are assigned integers from O to 9 which are obtained
from permanent scales that are essentially logarithmic and are adjusted
for each observatory. These scales give the limits for which the range
defines the K-index for each integer. Table II lists such scales for
a number of observatories. (See ref. k.)

This K-index, however, is only a regional index. A magnetic plan-
etary index Kp is defined as & measure of the disturbances for the
earth as a whole and i1s based on standardized Kg-indices which are freed

from the local features insofar as possible. Conversion tables different
for each observatory, which assign a Kg-index to every K-index, have been

derived for 11 observatories and are determined in such a way that each
observatory has within a year, for example, approximately the same num-
ber of intervals with Kg = 0, Kg = 1, and so forth. These conversion

tables are not presented herein. The average of the Kg-indices for the
11 observatories is the Kp-index given to the nearest third. For example,
the interval 1.5 to 2.5 is divided equally into three parts designated

by 2-, 20, and 2+. These intervals provide 28 grades of Kp. The daily
value of Kp 1s also used and it is simply the sum of the eight values
of Kp for each day.

Equivalent amplitude indices: For some investigations, it is con-
venient to have the homogeneous running records of the disturbances in
the form of an amplitude (ref. 5) of the disturbances rather than as
the logarlthmic K-indices. A direct reconversion from the K-indices 1s
ambiguous, however, as each value of K defines a range of amplitudes.
An equivalent amplitude is thus defined as follows.

To each 3-hour local K-index, a 3-hour local equivalent amplitude
a8y 1s assigned for which the functional relatlonship is shown in

table III (from ref. 5). The daily equivalent amplitude Ay 1is simply

the average of the elght values of ay per day. Similarly, to each
3-hour planetary 1ndex Kp a 3-hour planetary equivalent amplitude ap

1s assigned for which the functional relationship is shown in table IV
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(from ref. 5). The daily planetary equivalent amplitude A, 1s the

average of the eight values of ap per day. An spproximate value of
Ap may also be obtained from Cj by using the relations of table V
(from ref. 5).

These equivalent amplitudes are expressed in the unit 2y 1in order
to indicate their approximate nature. For example, if ap has a value

of, say, 48, the range of the most disturbed of the three magnetic ele-
ments (or components) for the 3-hour interval has an equivalent value
of 967y. .

THE EARTH'S MAIN MAGNETIC FIELD

The main magnetic field of the earth (refs. 1, 4, and 6) is composed
of the fields of internal origin and any permanent fields of external
origin. This main field is described by the method of spherical harmonic
analysis, the coefficients of which are determined from observatory meas-
urements at the earth's surface. Because of the scatter of the observa-
tories, the resultant field is smoothed out and does not show local
anomalies.

A magnetic potential V over the earth's surface can be expressed
in terms of the series

V = Ry i i P(cos 8) tﬁ(é-)n + (l - cﬁ)(ig)nﬂ Ap cos mh

n=0 m=0

f n R n+l
s+ -
(&E) + (l sn) = gﬁ sin mA (7)
where Rg 1s the radius of the earth, r 1s the distance measured from

the earth's center, 6 1s the colatitude, and A 1s the east longitude,

cﬁ and sg are numbers lying between zero and 1, representing the frac-

tion of the harmonic terms Pﬁ cos mA and Pﬁ sin mA, respectively, in

V which, at r = RE’ is due to matter outside the earth, and AE and

Eﬁ are spherical harmonic coefficients usually sought in analysis.
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For the order m and degree n with m Sn 2 0, when m >0

1/2
Pr(cos ) = [gﬂ——'—m)—!-] Py p(cos 8) {8)
(n + m)! ’
and when m = Q
I};(cos 8) = Pn’m(cos 8) (9)

The function
sin®g @™P (cos 9)

Pn’m(cos 8) = (10)

d(cos 8)°
may be written

(2n) |
2"ni(n - m)!

) (n-m)(n -m- 1) cos T2

=T,
os 6
2(en - 1)

8

Pp, m(cos 0) = sin™ [cos.n

(n-m(n-m-1)(n-m-2)(n-m-3) pp
* 2 - 4(zn - 1)(2n - 3) cos™ "0 - .

(11)

where P,(cos 8) 1s the Legendre function and Pn’m(cos 8) 1s the
assoclated ILegendre function. The function Pf; = Pﬁ(cos 8), together

df‘g(cos 8) mP (cos 6)
with the functions Xgl = T and erlll = -—-—i—e—, has been
ndse . n sin

tabulated by Schmidt (ref. 7).

The north, east, and vertical intensities are X = BV/r 36,
Y = -0V/r sin 6 O\ and Z = OV/dr, respectively. By substituting the

equivalencies nﬁg = AI:;, n_@fll = Bﬁ, and r = Ry into equation (7), the

X-, Y-, and Z-intensitiles become

B

X = i Z Xf;(Aﬁ cos m?\+B¥;sin m?\) (12)

n=0 m=0
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© n
Y = z Z Y{IIII(A;? sin mh - Bﬁ cos m?x) (13)
n=0 m=0
Z = Z Z Px:: [ncﬁ - (n+ 1)(1 - cg)}%ﬁ cos mA
n=0 m=0
+ [nsg - (n + l)(l - sﬁ)}% sin m\ (1)

If c® and s} are zero, the field is entirely of origin internal

to the earth and

-

n=0 m

n

P}Ill(n+lAﬁcosm?\+n+lBgsinm?\) (15)
=o

n n

Ir cﬁ and sﬁ are not zero, the vertical intensity Z, at

r = Ry, may be anslyzed in the form

o n
Z = Z Z P‘I';(ag cos mA\ + Bﬁ sin m?\) (16)
n=0 m=0
Where
- m
o = |ncl - (n+1)(1 - cg*j% (27)
i 4
Blrlll = nsﬁ - (n + 1) (l - sﬁ)J-E;; (18)
L
from which cﬁ and s.Il,Il1 can be found.

The values of Aﬁ, B;l, aﬁ, and Bﬁ are obtained from tables of
X, Y, and Z for various latitudes and longitudes (tables VI, VII,
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and VIII, respectively, from ref. 4) which are in turn obtained from
charts of the earth's main field. This procedure 1s conveniently car-
ried out by first analyzing the observed values of X, say, along paral-
lels of colatitude into Fourler coefficlents ap and by of the series

am cos mA + by sin mA. The coefficlents ap; and by are functions of
colatitude only. These coefficients are next fitted by the functions Xg,
say, for corresponding values of m where m £ n, by solving sets of
linear equations to obtain values of Aﬁ and Bﬁ. This operation is
done independently for X and Y.

It may be noted that both X and Y contain Aﬁ and Bﬁ and, 1if
the value of X d1s known over the earth, the value of Y can be deduced

from it. If the results do not agree when Aﬁ and Bﬁ are found sepa-
rately for X and Y, it means that the field is not completely deriv-
able from a potential V. The values of Ag and Bg in Z are obtained
by teking the mean of the values derived for X and Y.

The spherical harmonic coefficlents for X, Y, and Z are listed
in table IX (from ref. U4) for the epoch 1945. The components X, Y,
and Z at any height, h = r - Ry, above the earth's surface can be

computed from expressions obtained from the differentiation of the poten-
tial function, the use of the coefficlents in table IX, and the assump-

tion that cg and sg are zero inasmuch as they are negligible for
this purpose.

A second useful way of writing the potential is

?
{

# © n+l

V=REZ (%)n'lﬁ +<%E-> T}l =ve 4+ vl - (19)
n=1
where
n
Ty = Z{:(gﬁ cos mA + hﬁ sin m%)Pﬁ(cos 9) (20)
m=0

and the superscripts e and 1 refer to the points which are, respec-

tively, of external and internal origin. The coefficients gg and hﬁ
are called Gausslan coefficients. Their relation to the spherical
harmonic coefficlents is shown in the following expressions:



21

ool
m,e m
by’ = sy Ei
(21)
m,1 m\ ,m
& = (l - cn)-ﬁ—‘n
i

o (l - sﬁ)Bm

\ —n_j

Table X (from ref. 4) lists the first eight Gaussian coefficients for
the internal field for various epochs up to epoch 1945.0.

The Gaussian coefficients for epoch 1955.0 were recently derlved
by H. F. Finch and B. R. Leaton and are given through order m = 6 and
degree n =6 1in table XI (from ref. 8). The coefficients listed under
the name Gsuss were derived from two.separate analyses in which X and
Y were utilized in combination and are denoted as solution 1 and solu-
tion 2. In the second analysils, the coefficients were also. derived from
the values of 7 and are listed under the name Schmidt inasmuch as this

method 1s associated with the quasinormalized functions Pﬁ; Further
detalls of the analysis may be found in reference 8.

In addition to the analysis of reference 8, an independent spherical
harmonic analysis of the geomagnetic field has been made; the method used
and some results of this analysis are reported in reference 9. This
analysis incorporates terms in the harmonlc series up to order m = 17
and degree n = 24. These coefficients are not presented herein since
they are too numerous. A Fortran program (s copy of which has been
obtained for use at the Langley Research Center) has been prepared by
the Air Force Speclal Weapons Center (AFSWC) and utilizes these coef-
ficients to compute the magnetic field at any altitude, latitude, and
longitude.

The term in the magnetic potential series contalning the coeffi-

cient gg gives the potentisl of a dipole that 1s located at the earth's

center and has a magnetic moment directed along the axls of rotation
and toward the south geographic pole. The terms containing gi and hi
give dipoles with moments lying in the plane of the geographic equator
and directed, respectively, along the axes A = 0° and A = 90°. The
superposition of these three orthogonal dipoles ylelds a single dipole
located at the center of the earth and with an axis inclined to the axis

of rotation, the so-called centered dipole. The sum of the first- and
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second-degree terms 1s equivalent to the potential of a dipole located
at a point displaced from the center of the earth plus the two quadrapole

terms containing Pg. This eccentric dipole, the simplest model that

characterizes the field as a whole, has the same vector moment as the
centered dipole.

The simple dipole field is represented as follows. Figure 4 (from
‘ref. 1) shows a magnetic dipole with axis P+,P_ where P, 1s the

positive pole, P. 1s the negative pole, m 1s the pole strength,
d 1s the distance between poles, and r and © are the coordinates
of a point P wlth the center of the dipole as origin. Thus,

-m m -M cos 8 )
V1= ¥ 1 T T3
r - ld cos 8 r + §d cos 8 r
v
7 = 1_ 2M cos B (22)
or rD
H = avl - M sin @
r o8 ) J

wvhere M = md and is the magnetic moment. Terms in e are considered
negligible.

The equation for the lines of force of a dipole is

r2 = Constant (23)
sin“8

The first-degree terms for internal source only of equation (19)
can be put into the dipole form by the followlng transformations:

2
RE) 0 1 1 ]
V, =Rg (;7 [%l cos 8 + (gl cos A\ + hl sin x)sin GJ (24)

wo)? = (1)« (el) + (1)
- (25)

gg = -H, cos 8,
(Equations continued on next page)
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1_
hy = gl tan A,

(25)
cos @ = cos 8 cos 6p + sin 8 sin 65 cos(A - Ag)
then
Rg 2 M cos @
Vy = 'RE<ET> Hy cos 6 = ———;5——— (26)
where Hy = —Mg and 1s the horlzontal component at the geomagnetic
R
E

equator and 65 and A, are the geographic coordinates of the geo-
magnetic poles.

For 1945, @, = 7T8.6° N, Ao = 289.9° E for the north magnetic
pole and @y = 78.6° 8, A, = 109.9° E for the south magnetic pole.
For 1955, @, = 78.3° N, A, = 291.0° E for the north magnetic pole
and @, = 78.3° S, A, = 111.0° E for the south magnetic pole. The
magnetic moment M was found to be 8.06 X 1027 cgs unit for both epochs.

GEOMAGNETIC-FIELD VARIATIONS

The information pertaining to the geomagnetic-field variations is
obtained mainly from references 1, 2, and 4.

Geomagnetic Annual Variation

The geomagnetic annual variastion is the departure of the monthly
mean from the annual mean and 1is corrected for secular variation. Fig-
ure 5 (from ref. 4) shows the monthly departures from the annual means
of the geomagnetic component AX' for sunspot minimum and sunspot mexi-
mum years for varlous latitudes. The monthly averages show only a small
annual variation with the extremes being near the equinoxes and the
solstices.

The geomagnetic annusl variation 1s similar to the annual varia-
tion of the monthly values of Dp. This annual variation of Dy can
be divided into two parts with respect to latitude: one is symmetric
about the equator; the other is antisymmetric about the equator. The
antisymmetric part is also sinusoidal with regpect to time over the
year. TFor the special case of internationally disturbed days (ref. L),
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figure 6(a) presents the annual variation of D,y for various latitudes

in which the values for each month are averaged over the years 1922

to 193%3. TFigures 6(b) and 6(c) present the symmetric and antisymmetric
parts, respectively. It has been found that an increase in magnitude

of the symmetrical part with increased intensity of disturbance is not
sccompanied by &a corresponding proportional increase in the magnitude of
the antisymmetric part. The symmetrical part may be considered as that
part which is due to the storm-time variation Dgy; the antlsymmetrical

part may be consldered as that part which 1s due to the disturbance daily

variation Sp.

Solar Daily Varlation on Quiet Days Sg

The solar daily variation on quiet days 55, averaged over the
appropriate months of the years 1922 to 1933, is shown in figures 7(a)
to 7(d) (from ref. 4) for winter, equinox, summer (corresponding to the
northern hemisphere), and the entire year, respectively, at various
latitudes. It can be seen from the figures that the departure of Sq

from its daily mean value 1s greaster during daylight hours than during
the night hours. The departures of the components of Sq from their

daily mean values show considerable variation with latitude and increase
with increasing latitude except for the large enhancement of AX' about
the equator. There are also changes of phase with latitude; AY' and
AZ'  are falrly constant in form but reverse direction at the equator,

. wheregs AX' maintains the same direction in both hemispheres except
for two reversals occurring at asbout $30°, At latitudes above 60°, the
effects of disturbances predominate even on international quiet days.
These latitudes have not been included in the figures.

" Figures 7(a) to 7(c) also show that the departure of Sy from its

daily mean value changes with the seasons, being maximum at local summer
and minimum at local winter.

Marked differences in the departure of Sq from its daily mean

value on successive days that have been considered to be magnetically
quiet have been noted, especially at the equator. These marked dif-
ferences are the result of considerable shifts both to the north and to
the south of the average position of the current system that generates
the field. This day-to-day shift about the average position of the cur-

rent system at the equator may be as much as several degrees in latitude.

Disturbance Daily Variation Sp

The nature of the Sp variation depends to a marked degree on the
latitude. (See figs. 8(a) to 8(e) from ref. 4.) 1In the middle and

TR T B
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moderately high latitudes, the departure of Sp from its daily mean

value 1s approximately the same during the day as during the night. As
was noted for Sq, the component AX' malntalns its direction in both

hemispheres, whereas the components AY' and AZ reverse directions
at the equator. However, unlike Sq, the departure of the AX'-component

of Sp from its dally mean value decreases from the equator up to the
auroral region and then increases.

In the polar regions (fig. 8(b)), the Sp-variation is strongly asso-
ciated with the auroral belts and its magnitude has a pronounced Increase.
The north component reverses sign near ¢ = 559, attains its maximum
range at the auroral zone, and again reverses sign near & = 72°, In
general, the magnitude of AX' is largest in the early morning and early
evening. The east component AY' is largest within the interilor of the
auroral zone, reverses sign at the suroral zone, and then remains small.
The vertical component AZ shows a large and pronounced morning maximum
Just inside the auroral zone and a small minimum just outside, both of
which appear also in the evening but are reversed 1n sign.

The seasonal variation of Sp 1s presented in figures 8(c) to 8(e).

It 1s noted that the seasonal variations are also most pronounced in the
high latitudes.

Storm-Time Variation Dgy

The storm-time variation Dgy forms & characteristic feature of

magnetic storms. (Additional information concerning magnetic storms
may be found in refs. 10 to 15.) The course of the storm-time varila-
tion depends on the time reckoned from the commencement of disturb-
ance. The horizontal-force variation exhibits a definite beginning. It
at first increases asbove the normal undisturbed value, remains so for a
few hours, and then rapidly decreases, the decrease beilng generally more
than twice the initial increase. It then tekes several days for the
depressed value of H to regain 1ts normal value. The recovery 1s at
first rapid and then slows down considerably. The increase 1s called
the initial phase of the storm. The decrease up to the point at which
the rate of recovery beglns to slow down is called the main phase. The
period of slow recovery 1s called the last phase or the phase of recovery
of the storm.

Figures 9(a) and 9(b) (from ref. 4) show the average storm-time
weighted average of 11 storms for the polar year 1932-1933 for various
latitudes. It can be clearly seen that the AX'-component in Dgt has an
initial-phase duration on the order of 2 hours, decreases to a minimum

in 20 to 24 hours, and reverses to a value near the initial value in
about 70 hours.
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Between the auroral belts (fig. 9(a)), AX' attains a maximum
near the equator about which the variation appears to be approximately
symmetrical. The variation of AY' 1is small in all latitudes. The
variation of AZ' 1is, in general, positive throughout the low and middle
latitudes in the northern hemisphere but becomes negative 1n the southern
hemisphere.

In the polar regions (fig. 9(b)), the variation of AX' exhibits
the same general features as it does between the auroral belts but is
less regular in character. In addition, as the geomagnetic pole is
approached, the initial value of AX' Tbecomes zero and then negative
in contrast to the positive initial value at lower latitudes. The
AY'-component increases in magnitude as the geomagnetic pole 1s approached
but it is still small compared with AX' and AZ'. The variation of
A7' 1s positive in the polar region and has a magnitude that is of the
same order as that of AY'. The magnitude of AZ' reaches a maximum
about midway between the pole and the auroral belt. Within the auroral
belt, the AZ' variation becomes generally negative 1n sign but becomes
positive in sign once again at the lower latitudes.

There is little doubt that geomagnetic storms are caused by streams
of corpuscles emitted by the sun. Geomagnetic storms are commonly
believed to be of two types (ref. 16): Type 1, the sudden commencement
(or sc) storm, in which the initial increase of the horizontal intensity
takes place in a matter of minutes, 1s intense, 1s associated with sun-
spots, follows flares by about 1 day, has worldwide sudden commencement,
and shows no recurrence after 27 days, which is the period of rotation
of the sun; type 2, the so-called M-region storm, 1s independent of sun-
spots, flares, and other visible disk features, beglns gradually, and
shows & strong tendency to recur within a period of 27 days. It is
believed that the Intense storms are due to short-lived solar disturb-
ances which do not usually survive a solar rotation.

Irregular Disturbance Dy

The irregular disturbance Dy 1s of small intensity at low lati-
tudes. With an increase of latitude, the intensity 1ncreases. The
increase becomes very rapid as the auroral zone is reached. After a
pronounced maximum under or nearly under the auroral zone, the intensity
decreases as the inside of the zone is penetrated. This decrease in
intensity has a seasonal variation. In summer it decreases to about
one-half of the maximum and in winter, to about one-fifth. The minlmum
winter value of intensity at the auroral zone 1s, however, several tlmes
larger than the value at the equator, where there is little seasonal

variation.
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Tunar Daily Varilation L

If the lunar daily varlation L is derived from all days in a
particular month for a number of years or for all days in a year, it is
found to be very simple. The curve representing this monthly mean varia-
tion L 1s a double sine wave; L can also be derived from a large num-
ber of days all at a particular phase of the moon. When so determined,
the curve is not so simple as the curve for all days of the month of the
year. It is found that the portion of the curve which corresponds to
daylight hours has greater range than has the remaining portion which
corresponds to the hours of darkness. Figure 10 (from ref. 2) represents
a series of such curves drawn for successive phases of the moon. The
heavy part of the curves denotes the daylight hours, and the thin part
of the curves denotes the nighttime hours. A second way of showing the
variation of L with the phase of the moon and at the same time obtaining
a comparison with S 1is shown in figure 11 (from ref. 2).

In general, the L variations are about one-tenth of the 8 varia-
tions, but at the magnetic equator the lunar diurnal variation in H is
of large magnitude, not only in absolute units but even related to §
which 1s also exceptionally large there. At Huancayo, Peru, at the mag-
netic equator, the L variation in magnetic declination increases about
tenfold from quietest to most disturbed days, whereas at Greenwich the
increase is only about twofold. The latitude variation of I, outside
of the equatorial region, is shown in figure 12 (from ref. 17).

The amplitude of 1L also shows a seasonal variation for which the
percentage variation is much greater than that of Sq. The summer-to-

winter ratio 1s about 1:2.6.

GEOMAGNETIC-FIELD FLUCTUATIONS

A fluctuation of the geomagnetic field is regarded as a departure
of the field from a normal undisturbed value followed by a subsequent
recovery. No distinctions are made respecting the sign of the fluctua-
tions. The amplitude is the maximum departure from the normal value.
The material in this section is taken primarily from references 1 and k4.

Range

The daily range in the magnetic elements varies in a marked degree
with geographical position. Large values of the daily ranges in H, D,
and Z occur more frequently in the auroral zones, whereas small values
of the daily ranges occur more frequently in lower latitudes. Fig-
ures 13(a) to 13(c) (from ref. 4) show the frequency distribution of
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daily ranges in H, Z, and D, respectively, at various latitudes for
the polar year August 1932 to August 1933. Table XII (from ref. k4)

gives the probability that the daily ranges of H, D, and 72 will
exceed various magnitudes in different geomagnetic latitudes. Table XIII
(from ref. 4) gives the expectation of the number of days elapsing before
the daily ranges in H, D, and Z will exceed various magnitudes in
different geomagnetic latitudes. Table XIV (from ref. 4) gives the per-
cent of time that the 3-hour range of disturbance in H, D, or Z 1is
less than the various ranges for the year 1940.

Short-Period Fluctuatlons

This section deals with geomagnetic fluctuations of duration from
10 seconds to 10 hours. There is a marked maximum In the amplitude of
small fluctuations near and just inside the auroral zones. In these
regions, the magnitude of the fluctuations 1s greatest in the horizontal
component and least in the vertical component. In the low and middle
latitudes, the number of fluctuations of appreciable intensity is sharply
reduced and these intense fluctuations seldom appear in Z. At times of
magnetic storm (x 2 5), marked fluctuations, both local and worldwide,
may appear in all components in the lower latitudes. Large fluctuations
are known as bays and are most pronounced in polar regions with a dura-
tion of about 1 to 5 hours. The bays are worldwlde, but their amplitudes
in the middle and low latitudes are, in general, small. These bays tend
to show morning and evening mexima 1in frequency.

Figure 14 (from ref. 4) gives frequencies of fluctuations of various
amplitudes as a function of duration in seconds at Petsamo, Finland (now
Pechenga, U.S.S.R.), which is within the auroral zone, for the period
August 1 to October 31, 1932. A maximum in frequency is shown to occur
at & duration of about 40 to 50 seconds. Figure 15 (from ref. 4) shows
the variation with latitude of frequencies of fluctuations of various
durations, 10 to 500 seconds, for the mean of 6 days. Figure 16 (from
ref. 4) shows the variation with geomagnetic latitude of the dally fre-
quency of fluctuations with durations 10 to 500 seconds for various
values of magnetic character figure C. Tables XV and XVI (from ref. k)
give the total numbers of fluctuations with various rates of change
and semiduration of H, D, and Z at Petsamo, Finland and at Copenhagen,
Denmark, which are, respectively, within the auroral zone snd Just out-
side of the auroral zone for the period September 1, 1932 to August 31,

1933.
Micropulsations

Magnetic records of all three elements sometimes show rapld fluctua-
tiong in the form of oscillations lasting for an hour or so. The period
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varies between a fraction of a minute and about 2 minutes and the ampli-
tude 1s several gammas. There are exceptional micropulsations 1n which
the amplitude is as great as 15y to 30y; these are called giant
micropulsations.

The glant micropulsations occur within a relatively limited area
and their periods generally range from 1 to 2 minutes. An interesting
feature observed about these glant micropulsations is that the oscilla-
tions of the different elements are not in phase. Besides such giant
micropulsations, others of much less intensity and very short periods
(5 to 15 seconds) occur at different parts of the earth. These small
micropulsations seem to occur simultaneously all over the world. The
micropulsations usually occur around midnight and show a tendency to
occur at an interval of 27 days.

A more complete discussion of micropulsations may be found in ref-
erences 18 to 23.

CURRENT SYSTEMS

The current systems (refs. 1, 2, 4, 2L, and 25) that produce the
translent magnetic fields are the result of motions of ionized layers
of gas in the atmosphere and of charged elementary particles encirecling
the earth in the outer atmosphere (the exosphere). The upper atmosphere
1s lonized primarily by ultraviolet light and X-radiation from the sun.
In addition, corpuscular streams from the sun also ionize the atmosphere
but primarily at the auroral regions and provide the particles that
encircle the earth in the exosphere. The ionized layers obtain their
motion from potential differences, heating effects, and gravitational
tides. For an observer on the earth's surface, there is an apparent
motion as a result of the earth's rotation.

It 1s impossible to evaluate the distribution of the external cur-
rent systems and their corresponding magnetic flelds from surface data
alone because there are Infinite possibilities. The external current
systems are therefore represented by spherical current sheets of zero
thickness concentric with the earth. These current systems are derived
by first obtaining the magnetic potential of the transient flelds at
the earth's surface, similar to the method used for the main earth field,
and then solving for the current distribution. (See ref. 1, chs. XVII
and XX.)

A much simpler approximation (ref. 1, ch. VII) considers the cur-
rent system above a point on the earth to be a plane uniform current
sheet of infinite horizontal extent. The transient magnetic intensity



30

and direction at a point immediately below the current sheet will be
nearly the same as the transient magnetic intensity and direction existing
at the surface after the field of the 1lnduced internal currents has been
removed.

The sheet current Intensity j  (current per unit horizontal line
width) is tangential to the current sheet and in a direction perpendicular
to the variable horizontal intensity due to external sources at the earth's
surface in accord with the right-hand rule of electromagnetism. The sheet

current intensity 3 is given by 3 = E§;§ where ﬁé,s is the surface

value of the variable horizontal intensity due to external sources; ﬁg,s
does not, in general, have the direction of the total magnetic fileld.

Sq Current System

The principal part of the magnetic fleld of the quiet-day solar
daily variation Sy has its origin in currents external toc the earth's

surface. The remainder of the 8Sq fleld, about one-third, 1s the result
of internal currents which are induced by the external currents. The
external currents are thought to be located in the E-region of the
lonosphere.

The external current system calculated from the magnetic-field data
in the manner mentioned previously is shown in figure 17 (from ref. 1)
for an altitude of 100 kilometers. The current system appears stationary
to an observer on the sun. As the earth revolves, a polnt on a given
latitude is brought successively under different parts of the current
sheet and experlences a corresponding diurnal variation of magnetic force.
The current lines are those along and between which the currents flow in
the direction indicated. A current of 10,000 amperes flows between each
pair of adjacent lines.

In the daytime, the current is locally intensified along or near
the magnetic equator (refer back to fig. 7), indicating a laterally
limited current. This current has been named the equatorial electrojet
by Sydney Chapman. It has not been included in figure 17.

L Current System

The external current system that produces the lunar daily varia-
tion L 1is primarily a tidal effect and is thought to be located in the
Fo-region of the lonosphere. This current system 1is calculated by the
same method as was used to determine Syq. Figures 18(a) and 18(b) (from
ref. 1) depict the overhead current system at new moon for the equinoxes
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and for the summer solstice, respectively. The meridian refers to the
local lunar time. Since the figures are for the new moon, the sun 1s
on the 12-hour meridian. The current lines are drawn 1,000 amperes
apart. Similarly as for Sy, there is also an electrojet near the mag-

netic equator which is not shown.

D Current System

A current system for the average of 4O moderate magnetic storms has
been derived by Sydney Chapman. The current system is drawn appropriate
to a spherical earth having its geographic and geomagnetic axes coincident.
It is intended to correspond, apart from irregular disturbances, with the
geomagnetic variations of the earth's field additional to those present
on magnetically quiet days - that is, the disturbance D - and is the
combination of the two current systems that produce Sp and Dgt.

The complete system of atmospheric currents corresponding to the
D-field is shown in figure 19(a) (from ref. 1). A total current of
10,000 amperes flows between successive current lines. The currents
are most concentrated along the zones of maximum auroral frequency. This
concentrated current in the auroral region is called the auroral electro-

jet. In the forenoon hemisphere, oP to 128 local time, the current
between the auroral zones is everywhere westward; whereas in the after-
noon hemisphere, the current, though mainly westward, is reversed at a
latitude slightly south of the northern auroral zone and is eastward

from there up to the auroral zone. Along the auroral zone itself, the
current is westward over the greater part and extends right across the
forenoon hemisphere and partly into the opposite hemisphere. The maximum

westward intensity, 350,000 amperes at 6h, considerably exceeds the maxi-

mum eastward intensity, 200,000 amperes at 182, On the latter meridian
the current direction is reversed just within the auroral zone. It is
in this region of reversal that the strongest Z-disturbance will occur.

The current system of Sp = S3 - Sq (fig. 19(b) from ref. 1) con-
sists of 450,000 amperes across the polar cap during a moderate magnetic
storm and 50,000 amperes flowing in any one of the four interzonal cir-
cuits. The current system of Sp =8 - Sq (that 1s, for an average
day), 1s only about one-fifth as intense as that of Sq so that the
part of Sp Dbetween the auroral zones 1is decidedly less important than
the Sq current system on such days, and on quiet days it is still
smaller. The part of the 8p current system over the polar caps 1s more
intense than that of the Sq current system even on the average day and
is far more intense during storms.
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The current system at the time of maximum intensity of the storm
for Dgy (fig. 19(c) from ref. 1) is twice as great (400,000 amperes)
between the auroral zones as the comblned currents that produce Sp and

occupy the same region. The estimated zonal current along elther auroral
zone is 75,000 amperes and that within each polar cap up to the pole is
100,000 amperes.

Because the Dgt current system between the auroral zones does not

decrease on the night side of the earth, the current is thought to be
outside the earth's atmosphere in the form of a torus, that is, a ring
current sbout the earth. (See, also, refs. 26-33.) These so-called

ring currents are believed to be on the order of a few earth radii distant
from the earth with cross sections of 1 to 2 earth radii.

Figures 20 and 21 (from ref. 4) show current systems for the actual
disturbance fields. Figure 20 represents the initial phase for the storm
of October 1k, 1932 and figure 21 represents the main phase for the storm
of May 1, 1933. It will be seen, by comparing these currents with the
idealized currents, that the storm-time currents of Dg¢ 1n low lati-

tudes flow from west to east in the initial phase instead of from east
to west as in the main phase. The Sp current system of figure 21(b)

resembles that of figure 19(b) in general type, but the polar circuits
are much weaker relative to the low-latitude circuits. In the current
system for an actual storm (fig. 21) the polar currents, as seen from
above, appear to have been given a clockwise rotation relative to the
position of the sun as compared with the currents shown in figure 19(a).
As seen from figure 21, the auroral-zone currents follow elliptical
paths rather than the ideal circular paths of figure 19. The auroral
zone tends to expand with increasing intensity of the storms.

Fluctuation Currents

The largest fluctuations of the earth's field are due to the Intense
electric currents that flow in the suroral zones. The auroral currents
flow west on the morning side of the earth and east on the evenlng side.
These currents are completed by a current sheet flowing across the polar
cap toward the sun. Magnetic bays appear to result from a marked inten-
sification of the current system responsible for the disturbance daily
variations Sp and show maximums in frequency corresponding to the
morning and evening maximums of the absolute values of Sp. Fleeting
and patchy areas of varying ionization near the auroral zone, due to
incoming groups of charged solar particles, may be the cause of many of
the rapid small pulsations in current. The main flow of current may
thereby be modified by the resulting changes in electric conductivity
or electromotive forces in the air in ionized reglons. The observed
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rapid decay of the fluctuating fields suggests that the electric cur-
rents responsible for this decay are near or below the E-region of the
ionosphere where the collision frequency of ions and electrons 1s greater
so that rapid decay is possible.

CORRELATION WITH SOLAR ACTIVITY

Solar phenomena may be roughly classified (ref. 1, p. 394) according
to their effect on the earth's magnetism as follows: (1) Individual
flares of ultraviolet light produce brief geomagnetic effects simulta-
neous with radio fadeouts. (2) The general change of ionizing electro-
magnetic radiation in the course of the sunspot cycle produces a cor-
responding change in the general intensity of the quiet-day solar daily
variation Sg. (3) Moderate corpuscular radiation produces ordinary
aurora and minor magnhetic disturbances and 1s the main factor governing
the daily magnetic character figure C. (4) Intense corpuscular radia-
tion produces magnetic storms, expands the aurora to lower latitudes,
and 1s the maln factor affecting the u-measure of magnetic activity.

The amplitude of Sq varies with the sunspot cycle and is notably
greater in years of sunspot maximum than 1n years of sunspot minimum.

Figure 22 (from ref. 2) shows the correlation between sunspot numbers
and the range R of the annual mean of the horizontal intensity of Sg

at Bombay, India. The horizontal intensity of Sy 1s from 50 to 100 per-
cent greater at sunspot maximum than at sunspot minimum.

The lunar daily variatlon I shows little variation with the sun-
spot activity. It is only 20 percent greater at sunspot maximum than
at sunspot minimum.

The correlation between magnetic disturbances and solar activity
can best be shown by figure 23 (from ref. 1), in which the monthly values
of both u and wuy averaged for each year are compared with the annual

sunspot numbers over a period of many years. The relationshlp between
the monthly sunspot numbers and the values of the magnetic activity of
the same month (fig. 24 from ref. 1) is not as close as that for the
year.

Sunspot groups have been divlded into three basic categories
(ref. 34): unipolar denoted by a, bipolar denoted by B, and complex
denoted by 7. Unipolar groups are single spots or groups of spots
having the same magnetic polarity. Bipolar groups in their simplest
form consist of two spots of opposite polarlty. Often, however, a
bipolar group 1s a stream of spots in which those 1n the preceding and
those 1in the following parts of the group have opposite polarities.
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Complex or multipolar groups are those having polarities so irregularly
distributed that they cannot be classified as bipolar; sharply bounded
reglons of opposite polarities sometimes exist within the same penumbra.
Intermediate between the complex and the bipolar groups are the semi-
complex or Py groups in which bipolar characteristics appear but no
clearly marked dividing line occurs between the regions of opposite
polarities.

The great storms, the type 1 storms, appear to be produced in about
equal numbers by 7y, By, and B spot groups. However, fy and par-
ticularly 7y spot groups are relatively uncommon spot types and are
more likely to be accompanied by a geomagnetic storm. An apparent depend-
ence of storms on area (ref. 34) is a result of the fact that a higher
percentage of the 7y and fy groups have large sunspot areas. Flare-
active spot groups (ref. 16) are more likely to be geomagnetically dis-
turbing than spots deficient in flares or having only an average number
of flares. The 7 spot groups tend to be more flare active than do the
other types. However, for a given relative flare activity, the 7 spots
appear to be more disturbing geomagnetically than do the other classes.
Therefore, it does not appear likely that the greater storm-producing
tendency of 7y spots arises wholly from their tendency to greater flare
activity. Although there is some degree of positive relation between
flare activity and geomagnetic conditlons, the relation between sunspot
magnetic class and geomagnetic conditions is the more pronounced and
probably the more basic. On the other hand, magnetic class alone is not
sufficient basis for accurate prediction.

Recurrent magnetic storms, type 2 storms, are most common on the
declining branch of the sunspot cycle (ref. 16) and scarcest on the
rising branch and around sunspot maximum. The hypothetlcal sources on
the sun of the corpuscular streams producing recurrent magnetic storms
have been named M-regions by Julius Bartels. The M-reglons are most
numerous and consplcuous in their effects 1 or 2 years before sunspot
minimum and are longer lived phenomena than sunspots. These regions
often occur when the visible solar hemisphere is bare of spots and tend
to be absent when spots are near the centrsl meridian of the sun.

Other correlations of geomagnetic storms with solar activity have
teen obtained. (See ref. 16.) Measurements of radiation of 158 Mc/sec
have allowed classification of the visible active centers into two
groups: Type R, which produces an increase in 158 Mc/sec radiation; and
type Q, which produces no change or a slight decrease in 158 Mc/sec
radiation. WNoisy R spots appear to be the source of relatively dense
corpuscular streams and quiet Q spots tend to inhibit the normal evap-
oration of corpuscles from the corona. The magnetic activity assoclated
with R spots is the sudden-commencement storms rather than the M-region
storms. The apparent storm-producing effect of a nolsy spot tends to be
diminished if it is paired with a quiet spot in the other solar hemisphere.
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Passage through the central meridian (CMP) of the sun of active
centers that show emission of the %569& coronal line tends to be asso-
ciated with disturbed geomagnetic conditions (large values of Kp);

whereas CMP of centers in which A5694 emission is clearly absent tends
to be associated with diminished values of Kp. There is also & tendency

for enhanced radio noise of 158 Mc/sec and N5694 emission to be present
or absent together.

Solar M-regions appear to be distinguished by unusual weakness of
the green-coronal-line emission A5303. The efficacy of the M-region in
producing geomagnetic storms 1s greater when the earth is on the same
side of the solar equator as the M-region. The emission of strong N5303
coronal lines appears to inhibit the escape of corpuscles.

ROCKET AND SATELLITE MEASUREMENTS

High-altitude sounding rockets, earth satellites, and space probes
have recently been used to obtain direct measurements of the geometric
field and of the interplanetary magnetic field. The objectives of these
measurements are to lmprove the description of the geomagnetic field both
for its intrinsic value and for a more precise determination of the mir-
ror points and orbits of radiation particles; to determine the radial
extent of the geomagnetic field; to determine the existence and intensity
of extraterrestrial magnetic fields; to locate, identify, and measure the
intensity of the various current systems, particularly the ring currents;
to examine any instabilities in these fields; and to relate any disturb-
ances 1n these fields with solar phenomena.

Comparison With Dipole Field

Measurements of the magnetic field obtained by a number of rockets,
satellites, and space probes are presented in figures 25 to 37, in which
magnetic intensity is shown as a function of altitude. For all flights
except that for Vanguard III (1959 Eta) the measured field has been com-
pared with either the centered or eccentric dipole field. The reason
for using the centered dipole fleld, sometimes called the inverse-cube
law, is that the n =1 term in the spherical harmonic analysls assumes
the predominant role with increase in altitude and is easy to calculate.
Table XVII (ref. 35) compares the root-mean-square potentlal for par-
ticular values of the degree n of the spherical harmonic series for
various altitudes. The means were taken relative to a distribution over
the earth's surface which was calculated from the coefficients of
reference k.
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Measured geomagnetic-field data obtained by Vanguard III (refs. 36
and 37) have been compared with calculations based on both the coeffi-
cients of reference 8, which go through order m = 6 and degree n = 6,
and the coefficients of the Air Force Special Weapons Center (AFSWC),
which go up to order m = 17 and degree n = 24, (See ref. 9.) (There
are two sets of derived AFSWC coefficlents: one is derived from the
U.8. Naval Hydrographic Charts for 1955 and the other is derived from
Russian charts.)

For the rocket shots, the dipole field is matched at the pesgk alti-
tude to the measured value and extrapolated back toward the earth. For
the satellites, the dipole field is evaluated at points along the tra-
Jectory. Since, in both cases, the measured value 1s, in general, the
component perpendicular to the spin axis of the vehicle, a knowledge of
the position in space and of the attitude of the vehicle is necessary
for the comparison.

From figures 25 tc 37, it is seen that there was good agreement
between the dipole fleld and the measured field, especially at the higher
altitudes, as was expected., The major discrepancies are caused by sur-
face anomalles, absence of higher order terms in the harmonic series,
horizontal movement of the sounding rockets, and penetration of current
systems.

Comparison With Field Calculated by Use of Higher Order Terms

In order to determine how accurately filelds in space can be com-
puted with use of higher order terms based on coefficients determined
from analysis of surface charts, the geomagnetic-field data obtained by
Vanguard III have been compared with the field values calculated by use
of the coefficients of references 8 and 9. Differences between the
measured fleld and the computed fields are shown 1n figures 25 to 27,
in which there is some overlap of the regions covered. These differ-
ences are 1in general not greater than about 1 percent of the main field.
The differences shown in these figures are interpreted in reference 37
to mean that the surface charts used for deriving coefficients are in
error by at least 1 percent in low latitudes. TFrom figures 25 to 27,

a comparison of the differences obtained by using the two sets of
coefficlients indicates that inclusion of terms in the harmonic seriles

of order greater than six, such as the coefficients discussed in ref-
erence 9, gives a better description of the field. (This is a question
of accuracy of surface charts, not of mathematics.) If these coefficients
(ref. 9), which were derived from the U.S. Naval Hydrographic Office
charts are used, the sign of the errors ln most regions 1s the same as

the sign of the errors obtalned by using a dipole field; whereas, if the
coefficients of reference 8 are used, the sign of the error is the same
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(that is, all negative) at all but one location. An adjustment to the
dipole terms in the former coefficients should yield a better fit to
the satellite data at low altitudes.

In figures 25 and 26, spparent discontinuities of the intensity
and of the slope are caused by the transition of the orbit due to a
weekly computation of the new orbit. The numbers to the right of the
plot designate the "orbit week." Within each week there 1s a definite
pattern which implies that the magnetic fleld 1s exceptionally stable
at these altitudes when magnetic storms are absent.

However, these artificial discontinuities may possibly mask real
field discontinuities at the lower edge of the inner Van Allen radia-
tion belt. In order to examine this possibility, differences between
the measured and theoretical values based on monthly computations of
the new orbit are shown in figure 27. In figure 27(d) the sharp dis-
continuity of intensity that occurred at 1,250 kilometers in figure 26(a)
has disappeared. On the other hand, in some regions the discontinuity
in slope is not greatly altered. (Compare fig. 27(c) with fig. 26(b).)
It must therefore be assumed either that there are real field discon-
tinuities or that the various effects due to reference field and orbital
errors accumulate in such a manner as to give false discontinuilties.

The reason for the remaining discontinuities will not be resolved until
techniques of calculating the satellite's location in space can be
‘improved.

Magnetic Anomalies

Over the southern tip of Africa, there 1s a negative magnetic anom-
aly on the earth's surface that 1s conspicuous on maps showing total
magnetic intensity. This anomaly may have important implications for
the distribution of radiation in the reglon above the earth because of
its influence on the mirror points of charged particles trapped in the
earth's magnetic field. Thus, Dessler (ref. 38) attributes the decrease
in radiation intensity between the inner and outer Van Allen belts to
8 low mirror altitude for trapped particles that have mirror points in
this region. The data obtained by Vanguard III (ref. 36) were used to
check whether or not this negative anomaly was still significant at
altitude. Results are shown in table XVIII (from ref. 36). These
results show that the anomaly is a much sharper feature and has & more
negative intensity at altitude than was indicated by the computed field.
Thus, the mirror altitude for particles of a given energy will be slightly
lower than that predicted from the computed field, an effect which lends
added support to Dessler's hypothesis.

The magnitude of another magnetic anomaly, the east Siberlan anomaly,
has been shown by data collected by the second Soviet cosmic rocket
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(Lunik II, 1959 Xi) to decrease with altitude conslderably slower than
was presumed (ref. 39). It is now assumed that the source of this mag-
netic anomaly is located in the nucleus of the earth at a depth equal

to one-half its radius and not in the crust, as was considered earlier.

Jonospheric Currents

Sounding rockets (refs. 40 and L1) that reached an altitude greater
than 100 kilometers (figs. 28 and 29) all show penetration of current
systems except for the flight at White Sands Proving Ground (WSPG), New
Mexico. Current penetration is indicated by a sudden change of slope
from that of the dipole variation. (The dipole variatlon with altitude
is also called the inverse-cube law.) Figure 30 (from ref. L0O) shows
in greater detail the departure of the measurements obtalned from the
State University of Iowa (S.U.I.) flights from a dipole variation.

8.U.I. flight number 59 was made a day after a magnetic storm com-
menced, and magnetic disturbances were still occurring. The current
indicated by figure 28(a) and figure 30(a) has its lower boundary at
about 90 kilometers and represents the polar-cap current as the rocket
passed Just north of the auroral electrojet.

All the S.U.I. equatorial flights (figs. 28(b) to 28(d) and 30(b)
to 30(d)) show current systems beginning at about 100 kilometers.
Flight 83 shows a current flowing from east to west directly opposite
to the predicted direction of the equatorisl electrojet. It 1s thought
that this current might be the less intense current sheet associated
with the Sq current system in low latitudes. Flights 86 and 87 show

penetration into the electrojet. Two distinct layers are indicated.

The second layer does not appear to have been completely penetrated.

The first layer has a lower boundary at about 97 kllometers and an upper
boundary at about 110 kilometers. The height and thickness of the upper
layer are uncertain and may vary with the degree of magnetlc disturbance,
the season, the time of day, and so forth. The greater intensity of the
departure from the dipole field for flight 87 was csused by increased
magnetic disturbance. It appears from a crude estimate based on data
from rocket shots that the width of the equatorial electrojet 1s greater
than 300 kilometers with its center located approximately at the mag-
netic equator.

The rocket flight at WSPG (fig. 29) did not indicate current pene-
tration. However, this launching was at night and a discontinuity of
only 10y to 20y could be expected as compared with a fileld decrease of
2,800y over the entire flight. Furthermore, a local anomaly has a sur-
face value of about 0.046 gauss, which causes a discrepancy between the
dipole field and the measured field.
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Ring Currents

The geomagnetic-field measurements obtained by Explorer VI, 1959
Delta (ref. 42} and by Soviet cosmic rockets I and II (ref. 43) are
shown in figures 31 to 33 and indicate current systems probably in the
form of toroidal rings - that is, ring currents. Explorer VI data indi-
cate that these currents are located at distances beyond 5 earth radii,
whereas the Soviet data indicate a current as close as 3 earth radli.
Figure 32 shows data for successive days and suggests a variation of
several thousand kilometers in the location of the current system in an
interval of 24 hours or less, and figure 31 indicates that the currents
can change direction in a relatively short time. (The notation Bl of
the references has been modified to agree with notation Fj wused else-
where herein.)

To determine whether these currents were, in fact, ring currents,
s model of the current system was hypothesized (ref. 4k) from the data
obtained by Explorer VI and the resultant field consisting of the main
earth magnetic field and the magnetic field due to the ring current was
computed. The model consisted of a current volume cylindrical in shape
with a circular cross section of radius a; the center of the ring cur-
rent is located at a distance ro from the center of the earth and lies

in the geomagnetic equator. The total current has a magnitude 1 which
is uniformly distributed throughout the volume and is directed westward.
A close fit (fig. 34 from ref. LL) to the experimental data was obtained

for ry = 60 X 102 kilometers (= 9Rg), 1 =5 X 106 amperes, and
a = 3Rg or less.

The data obtalned by Explorer VI and shown in figure 34 were taken
on the evening side of the earth at about 2100 hours local time. To
establish closure of the current system, a model was also made to approxi-
mate the data from Pioneer V (1960 Alpha), which passed through the geo-
magnetic field on the afternoon side of the earth. The results of the
approximation are shown in figure 35; for this approximation the model

parameters T4 = 50 X 105 kilometers, 1 =5 X lO6 amperes, and a = 3Rg

were used. The data of Pioneer V could not be adequately fitted for
values of a less than 3Rp. These models strongly suggest the exist-

ence of a ring current around the earth at altitudes of approximately

8.5Rg-

Magnetic Storm

During the life of Vanguard III a number of magnetic storms occurred
(refs. 36 and 37) with intensities ranging from moderate to weak. Field
measurements during three of these storms are presented in table XIX



Lo

(from ref. 36), in which the simultaneous disturbance values at the
satellite are compared with those at a few ground stations. The let-
ters ND indicate that the disturbance was less than the errors in the
selection of quiet-hour values. These disturbances are also shown in
figure 25.

The magnetic-field disturbances observed by the satellite during
the megnetic storms are, with some exceptions, negative when they are
negative on the earth's surface. This observation indicates that the
main portion of an electric current producing a storm at low latitudes
is located at some distance above the lnner radiation belt. TIn the case
of one magnetic storm, that of October 3 and 4, 1959, the readings indi-
cate that a current shell existed in the inner part of the outer radia-
tion belt during the main phase of the storm and moved closer to the
earth as the storm progressed. It 1s postulated that a sudden change in
the character of this storm at a point in the inner edge of the outer
belt is & result of the current shell moving into the gap between the
inner and outer radiation belts. This movement 1s substantiated by
measurements of radiation (refs. 45 and 46), which show that the current-
producing particles moved abruptly into the gap between the Van Allen
radiation belts and were then absorbed by the atmosphere as a consequence
of a lowering of their mirror altitudes. Furthermore, a measurement
taken a number of hours after this sudden change 1n character at a point
near the inner edge of the outer belt indicated that a current shell was
then present slightly below the inner edge of the outer radiation belt.
The general plcture from the preliminary analysis 1s that electric cur-
rent shells occur at different distances from the earth for different
storms and that the distance may vary with time during a given storm.

Distant Geomagnetic Main Field and Its Instabllities

Measurements of the geomagnetic field on an unusually magnetically
quiet day were made by Pioneer I, 1958 Eta (refs. 47 to 49) and are shown
in figures 36 and 37 (from ref. 47). The distant-field measurements
(fig. 37 from ref. 47) indicate that on such days the dipole field may
extend out to 13.6 earth radii. At 78,000 kilometers to 85,000 kilometers,
the data suggest a magnetic compression. The component of the field
varles from about 15y to 40y, whereas the predicted value has a mean of
about 15y. At approximately 93,000 kilometers, the measured value drops
to approximately 5y, about one-half the predicted value. Thus, a steep
decrease 1in the field takes place. This sudden drop 1s consistent either
with the assumptions of a moving earth colliding with a stationary inter-
planetary plasma (ref. 50) or with a solar wind (ref. 51). Moreover,
as can be seen from figure 38 (from ref. L49), rotations of the magnetic
intensity vector through both large and small angles appear for the distant
field. At least some of the rotations that are assoclated with large
angular excursions have characteristic times of the order of 10 seconds.
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In addition, almost periodic oscillations in amplitude occur (sometimes
accompanied by rotational changes), having lifetimes of 2 to 5 cycles

and periods of the order of 10 seconds. In general, the interface between
the geomagnetic and the interplanetary magnetic fields may be considered
to be between 5 and 10 earth radii from the earth with a magnetic-field
total intensity between 0.1y and 100y, depending on the solar activity.

Interplanetary Magnetic Field

In order to extend the investigation into the interplanetary mag-
netic field, Pioneer V (refs. 52 to 55) was placed in a solar orbit.
(See fig. 39 from ref. 53.) The magnetometer data (fig. 40 from ref. 53)
showed rapid fluctuations lasting throughout entire transmission perilods,
long intervals of constant field values, and isolated peaks sharply
interrupting otherwise steady readings. From figure 41 (ref. 52), which
represents values of F] averaged over each period of data transmission,

it is apparent that the field, except for a few excursions, lies between
2y and 5y. These observations suggest that, at this stage of the solar
cycle, the interplanetary magnetic field, when undisturbed, 1s nearly
constant in magnitude and nearly uniform in direction over the region
explored so far.

These observations are inconsistent with many models of the inter-
planetary field (ref. 52) including the tacit assumption that the field
is essentially zero. Thus, if the field were imbedded In clouds of
turbulent gas emitted from the sun, the measurements would be much more
irregular. Furthermore, not all clouds would be expected to have the
same fileld strength and the orientations would be sufficiently varied
to produce noticeable variations in Fj. On the other hand, a galactic

interstellar field that is uniform over the solar system, although
plausible in regard to intensity, would appear to preclude the arrival

at the earth of solar cosmic rays of energy below 1010 ev. The measured
interplanetary field could be due to a solar dipole produced by currents
in the sun, but in this case fields throughout the photosphere of the
order of 200T" would be required. No evidence of any such fields exlsts.
A final suggestion is that the interplanetary field might originate in
a ring current with a radius of 5 to 20 solar radii in the equatorial
plane of the sun. This hypothesis holds promise in meny respects but
faces serious difficulties when confronted by work on comet tails and

is inconsistent with most current ideas on the nature of the solar wind.
It is hoped that additional 1light can be cast on these models with
future observations.

In reference 5&, Pioneer V measurements are compared with magnetic
indices at the earth's surface and are correlated with magnetic storms.
For thlis comparison, individual data transmisslons were averaged over

intervals of % dasy. A smoothed graph was then produced bj plotting the
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mean of (yl;J-l)av’ (Fl:J)av’ and (Elxj+i)av instead of each 5——day
magnetic field average (Fl j) . A smoothed magnetic-index curve at the
sJd/av

earth's surface was prepared in exactly the same manner; the magnetic
index used for this purpose was the average of the four 3-hour planetary

equivalent amplitudes occurring in each 12-hour period. These lm-day
°p 5

intervals were used inasmuch as they were considered to be long enough to
diminish the influence of short-term transients and short enough to display
the correlation with short magnetic storms.

The comparlson of Pioneer V data with the magnetic indices is shown
in figure 42 (from ref. 54). Qualitative agreement of the two curves is
strikingly evident. All but one of the magnetic-field excursions at the
probe is matched by a similar excursion at the earth. In addition, of the
15 maxima in the probe data (including the rise on April 30, 1960) 1k are
accompanied closely or followed within 1 day by the occurrence of magnetic
storms at the earth. The one exception to the agreement between probe
data and magnetic-index data or magnetic storms 1s the excursion of
March 19 to 21. However, although no magnetic storms for this period
appeared in reference lists of storms, disturbances were noted at College,
Alaska. It is concluded from these data that enhancement of at least one
magnetic-field component of the interplanetary magnetic field regularly
accompanies terrestrial magnetlc storms. Furthermore, this enhancement
cannot be restricted exclusively to a magnetic-field component directed
along radial lines from the sun since the probe was nearly normal to the
sun-payload radius during an appreciable part of the observation period.

Further comparisons are made in figure 43 (from ref. 53) in which
the occurrence of solar flares 1s also included. In this figure, Fl,av

for the probe data is the difference between the average of one trans-
mission interval and the next. The magnetic index is the 3-hour planetary
equivalent amplitude 8p- Flares of importance smaller than 1+ have been

disregarded. The arrowheads under the graph signify sudden-commencement
storms and the designation M Indlcates the beginning of M-~-reglon storms.
It will be noted that there are fewer magnetlc storms shown on figure 43
than on figure 42. This discrepancy 1s the result of an incomplete anal-
ysis in reference 53, which is a preliminary report.

It is clear from figure 43 that the heaviest flare activity and the
strongest perturbations are related. The generally intense solar actlvity
during the final days of March and the early part of April 1960 was accom-
panied by corresponding storm activity both at the positlions of the probe
and on the earth, while several isolated flares are followed by isolated
probe and terrestrial features. The occurrence of a class 2 flare on
March 14 may have caused the sharp peak in the data of March 16 in the
midst of what is supposed to have been an M-region storm, while the flares
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at the latter part of April, coming after a long quiet period, are
assumed to be the origin of the disturbances of April 23 and 28 at the
earth and of the preceding fluctuations at the probe. Three of the four
largest observed perturbations at the probe were preceded within 2 days
by flares of importance 22. Lesser storms recorded by Ploneer V were pre-
ceded in 12 out of 16 instances by major flares, and there was no major
flare which was followed by entirely quiescent values at the probe. The
three peaks in the probe data of March 20 and 26 and April 19, which are
unaccounted for in the comparison with the planetary index, are also dis-
tingulshed by the absence of any likely preceding flare event, in splte
of almost complete flare patrol coverage. It is concluded, nevertheless,
that most moderate to strong fluctuations in the interplanetary magnetic
fleld seen in the Pioneer V data are related to the occurrences of major
flares.

In reference 55 an attempt is made to obtain a better correlation of
solar flares with Pioneer V data and the magnetic storms and thus explain
the lack of concurrency of some of the events shown in figure 43, Refer-
ence 55 uses a solar flare index rather than flare importance which incor-
porates the number of flares occurring in a given time interval and the
area on the sun covered by each flare. All optically observed H, flare

events which occurred during the period March 10 to April 30, 1960,
excluding only subflares, are used for this flare index.

In order to obtain the flare index, the corrected flare area, which
is the true flare area as opposed to the flare area viewed from the earth,
was partitioned into seven ranges of magnitude: O to 3, 3 to L, 4 to 5,
5to T, T to 11, 11 to 16, and >16 square degrees. The %u-day sum, over-
all ranges, of the product of the number of flares contalned 1n each range
by the lower limit of that range was computed and its ratio to the number
of observation hours during the same 12-hour period was taken as a

%-—day index of flare activity. For the lowest range (0 to 3 square

degrees) the number 1, rather than O, was used as the range value. For
the ambient magnetic-field disturbances at the probe, the mean, taken over

each % day, of the maximal values recorded during each transmission for

that %-day period was computed. This procedure exaggerates intervals of
high overall irregularity and accentuates relatively large individual
disturbances. The data obtained are shown in figure 44 (from ref. 55) .

The flare-index curve has been shifted 2 days to the right with respect

to the probe time scale as this shift showed the best uniform fit between
the two curves when the time lag of the occurrence of the event at the

sun and the probe was considered. Corresponding peaks in the two curves
have been numbered. Omitted portions of the curves correspond to intervals
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in which data transmission from the probe was toc infrequent to provide
continuity. Magnetic-storm occurrence is also indicated by horizontal
bars.

As in figure 43, figure 44 shows that relatively high readings in
the magnetometer record can be consistently identified with elevated por-
tions of the flare index curve when the new flare criterion is used. Only
a few peaks of the flare index curve are without corresponding effects in
the probe magnetic-flield curve. Correlation between the two curves is
markedly better than that between eilther curve and geomagnetic-storm inci-
dence. However, the important point is that the correlation between the
flare index and probe data is much better in figure 44 than in figure 43.
This higher degree of agreement indlcates that, although the largest
flares are the most probable source of magnetic dlsturbances at the probe,
flares of lesser importance but of sufficlent density of occurrence and
area produce significant disturbances at the probe. In addition, fig-
ures 42, 43, and 44 indicate that flares of lesser importance are of
greater significance for conditions outside the earth's magnetosphere than
at the earth's surface. Thls greater significance can be seen most clearly
in the three flgures for the periods of March 19 to 20 and April 21 to 22,
1960. The use of smoothing as in figure 42 shows that events conspicuous
at the earth's surface were assoclated with temporary changes in the back-
ground level itself as distlngulshed from the appearance of transients
against the background level.

In addition to the new criterion for flare index, reference 55 also
examined briefly the possibility of correlation of the probe data with
measures of solar activity other than solar flares, such as coronal emis-
sion, sunspot numbers, and 2,800 Mc/sec radlo noise. This study showed an
apparent absence of correlation.

Delay times and velocities of the disturbances traveling outward

from the sun to the probe were obtained from the corresponding numbered
peaks in figure 4h4 which serve as guides to the pairing of specific flares
and subsequent storms at the probe. The flare or flares identified in

each palring were those that contributed most to the corresponding peak in
the flare-index curve; whereas, events at the probe were defined by noting
the flrst appearance of high readings of the measured field responsible

for the peaks in the payload curve. In only one pairing was the H, activ-

ity dominated by & single event. In all other situations the presence of
two or more events created an ambigulty so that each flare had to be con-
sidered. Each set of events 1s summarized in table XX (from ref. 55)
together with the velocities calculated for the corresponding time lags.
The lowest velocity possible under the assumed correspondences is 580 and
the highest is 1,670 km/sec. The average of the lower limit for all sets
of events 1s 752 and of the upper limit is 1,140 km/sec. These results
are consistent with veloclties usually inferred for corpuscular streams.
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In reference 55, 1t is thought that the reason that the events at the
probe were poorly detected at the earth is associated with the dimensions
of the corpuscular cloud and/or the total disturbance energy. It 1s thus
proposed that the surface field at the earth is relatively insensitive to
disturbances detected as brief transients by the probe but not to events
of more persistent duratlon at the probe even though of lesser peak
amplitude.

In reference 53, disturbance velocities computed for the travel dis-
tance from probe to earth averaged under 100 km/sec for four events:
March 14 to 16, March 27 to 28, April 21 to 22, and April 25 to 26, 1960.
This average velocity implies that the traveling disturbances spend as
much time in passage from the vicinity of the probe to the earth, a dis-

tance of about T X 106 kilometers, as 1n passage from the sun to the
probe. DPossible interpretations were that either the disturbances were
subjected to a detour between the position of the probe and the earth or
a considerable deceleration occurred which slowed them in transit to
approximately one-tenth of their average veloclty over the entire sun-
probe distance. However, in the light of the statements of the preceding
paragraph, these unaccountable delays may now be explained as the detec-
tion by Pioneer V of events uncbserved at the earth's surface. 1In partic-
ular, the events of April 21 and 22 which contributed the most to the
appearance of a phase lag In the averaging process (fig. 43) are seen to
be without a companion magnetic-storm effect at the earth (fig. 4h4).

Lunar Magnetic Field

Explorations of the moon's magnetic fileld have also been made. The
second Soviet cosmic rocket (ref. 39) indicated that the magnetic field
near the moon's surface does not exceed 60y, the order of sensitivity
of the vehicle's magnetometer. Furthermore, there was no indication of
an inverse cube variation near the moon.

Reference 56, however, points out that this single piece of data is
inconclusive and suggests that, if a general lunar magnetic fileld exists,
it will be confined by the solar corpuscular radiation to a thin layer
above the sunlit surface. Yet, it could extend a considerable distance
beyond the surface on the side away from the sun. It is maintained that
the upper limit to the strength of the magnetic field which can be com-

pressed so by the solar wind is on the order of 1.4 x 1057. Since there

is evidence that corpuscular radiation is incident without noticeable
deflection on the lunar surface, the magnetic field can be no larger than
this value. It is estimated that, i1f the moon has a surface field strength
of 700y in the absence of the solar wind, the field strength in the pres-
ence of this wind would drop to l/e of this value at approximately

500 meters above the surface on the sunlit side. In this field the trans-
verse displacement for protons that have velocities of 1,000 km/sec is
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only about 8 meters which is hardly detectable. Thus, the question of
a lunar magnetic field is still open.

APPROXIMATIONS USED IN CALCULATING FIELD CHANGES

IN PASSING THROUGH A CURRENT SYSTEM

The material presented 1n this section is essentially quoted from
reference 3h4.

In making first estimates of the change in F along the path of
a rocket passing through a current system, it is convenient to idealize
& current-carrying layer, whose thickness is small compared with its
lateral extent, and to treat it as a mathematically thin current sheet.
At each point the vector sheet current intensity J is tangential there
to the surface and is the integral of the volume current intensity J

through the actual layer. The change in F on passing through such a
surface is discontinuous but will approximate to the total continuous
change occurring in passing through the actual layer.

An analogous but less appropriate idealization is to treat an
electrojet as_a current i along a mathematical line, i being the
integral of J over the normal cross section of the electrojet. But
the field of such a line current tends to infinity near the line and the
line model is therefore useful only for points outside the electrojet,

not for the more interesting regions inside it.

The field of a uniform sheet current intensity 3 over an unbounded

plane is opposite on the two sides, perpendicular to 3, and of magnitude
2nj gauss 1f J 1s expressed in cgs electromagnetic units.

The field of a uniform current 1 along an unbounded straight line,
at a point P at a distance 1 from the nearest point P, on the line,
is perpendicular to I and to P,P and of magnitude 2i/1 gauss. This
field 1s the same as the field outside a current 1 uniformly distributed
over the circular cross section of a cylinder unbounded in both directions;
inside the cylinder the field preserves the same direction along any radius
from the axis, and its magnitude decreases uniformly from the surface to
the axis of the cylinder. If the cross section is elliptic instead of cir-
cular, the field inside and outside is less simple, but still calculable.

The discontinuous change of F 1in passing perpendicularly at a point
P through a current sheet, not necessarily uniform or plane, and forming
part of a current system which may contain electrojets is due to the local
part of the current sheet near P, and this part may be regarded as plane
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and carrying a uniform surface current density j equal to its local value
at P. Thus the change is of magnitude Ynj gauss, perpendicular to J,
and parallel to the tangential plane at P; the change of the part of F
due to the rest of the current system will be inappreciable in the infin-
itesimal change of position from one side of the sheet to the other.

In crossing the actual current layer, its thickness may be indicated
by the part of the path along which the variation of _F differs from the
theoretically expected variation of F, + fy where F, 1s the main geo-

megnetic field and fy is the field due to internal transient currents
induced by the external transient currents; FO + fi can then be allowed
for in inferring the change of T, the field due to the external tran-

sient currents, in crossing the sheet. Allowance should also be made for
the variation in the region of crossing of the field due to the nonlocal
part of the external current system.

The current sheets comprising the Sq current system (apart from

the equatorial electrojet) and the D current system (apart from the
auroral electrojet and ring currents) are sensibly spherical, concentric
with the earth, and therefore at each point horizontal. Hence, the field
discontinuity U4nj 1is also horizontal (and perpendicular to 3). The
whole field, however, at the point P of crossing of the sheet (where

the local part vanishes), is made up of Fo + fi + fe ; where fe
denotes the nonlocal part of fe. If the field at P is denoted by f',

the field above and below P is F' % 2n3', where 3' has the same
magnitude as § but is turned through 90° about the vertical according
to the right-hand rule.

_ Although J' 4is assumed to be everywhere horizontal, the vectors
j' and F' are not in general parallel, and a rocket-borne magnetom-
eter that measures only F will not necessarily indicate the full field

change of Lxj'. This, of course, will be the condition away from the
magnetic equator where F' not only has a vertical component but its
horizontal component is not necessarily parallel to J'. However, if

2nJ! /F' is small, the discontinuity of F 1n passing through the cur-
rent sheet 1s approximately 4nj' cos o, where o 1s the angle between

F' and 3 Therefore, under these conditions, it is possible to deter-
mine the field change and the current intensity if o 1s known or can
be rellably inferred.

At the magnetic equator, F' and é' are both horizontal and
parallel to each other, as the current J 1is directed either eastward
or westward in accordance to the Sq and D current systems. Hence,

the magnitude of F' 1is F * 2nj on the two sides of the current sheet,
and a rocket-borne magnetometer that measures only F measures the full
field change of Urj' and determines the current intensity 3.



Rocket-borne magnetometers that pass through the auroral zones with
a north-south horizontal component can measure the field changes and
current intensity by using the sheet-current approximation if, as seems
likely, the thickness of the auroral arc is small compared with its
nearly vertlical extension along the lines of magnetic force. In this
instance J 1s horizontal and lies along the east-west direction of
the suroral arc, that 1s, nearly slong the magnetic east-west direction.
Hence J' will be along or opposite the local (almost vertical) direc-
tion of the main field F,, so that (as F' 1s almost equal to Fo) F
is F' £ 2xJ on the two sides of the arc. Because of the large disturb-
ances In the auroral zone, the measured field changes are hard to deter-
mine and depend on the path through the auroral zone.

ALTITUDE EXTRAPOLATION OF MAGNETIC INTENSITY

In the preceding section, 1t was shown that the current systems
can be approximated by sheet and line currents. With these models,
estimates of the magnetic intensity can be made for various altitudes.

When the sheet-gurrent approximation 1s used, for altitudes_below

the current system fe 1s constant with altitude and equal to He,s

where ﬁé’s is the horizontal intensity due to the external current at

the earth's surface. The sheet current intensity J 1s estimated and
the magnetic intensity immediately above the current sheet 1s, as in the

preceding section, taken as F' - 2n3’. The magnetic intensity due to
the electrojets, assumed to be line currents, can be extrapolated from
g number of points on the surface of the earth in the vicinity of the
electrojets by means of Taylor series (ref. 57). Then, for points P
adjacent to the electrojets, the magnetic intensity is given by
7,20 x W)

12

The heights of the upper surfaces of the current sheets and the
electrojets are estimated from rocket shots. A spherical shell is
assumed to be concentric with the earth at the height of the upper sur-
face of the current sheet and the magnetlc-field-intensity distribution
at this helght is determlined as in the previous paragraph. The method
of spherical harmonic analysis 1s applied, and the magnetic intensity
can be extrapolated above the ionosphere. When the current systems have
been mapped in greater detail, the procedure of reference 6 may be used.
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MAGNETOMETERS

Heppner (ref. 58) has presented a table in which some of the basic
differences between the various magnetometers in use are illustrated.
This table is reproduced here with some modification in the interest of
clarity as table XXI. Reference 59 is a bibliography on magnetometers,
the references of which contain detailed information of specific
magnetometers.

CONCLUDING REMARKS

Throughout the years, extensive investigations of the geomagnetic
fileld have been made from which considerable knowledge has been obtained.
These investigations have for the most part been restricted to the sur-
face of the earth and are well documented. Recently, however, rockets
and satellite measurements have opened the new frontier of magnetic-
field investigation in space. Since the results obtained from these
rockets and satellites are new and still somewhat controversial, the
following conclusions are restricted to these recent rocket and satel-
lite measurements:

The dipole field is a good first approximation of the variation of
the geomagnetic field with altitude. However, an improved description
of the geomagnetic field with altitude can be obtained by including higher
order terms in the harmonic series. This permits the magnetic field in
space to be computed to within 1 percent from analysis of surface charts.

The negative magnetic anomaly over south Africa is found to be a
sharper feature and to have more negative intensity than was shown by
the computed fleld. This discovery supports the idea that the mirror
altitude for reflection of trapped particles is especially low in this
reglon and may be the cause of the slot between the Van Allen radiation
belts. In addition, the east Siberian anomaly has been found to decrease
considerably slower with altitude than was presumed.

Ionospheric currents occur at heights of the order of 100 kilometers
and may consist of more than one layer. The lowest layer is about
10 kilometers thick. The equatorial electrojet appears to have a width
greater than 300 kilometers with its center located approximately at the
magnetic equator.

Ring currents have been indicated at altitudes beyond 3 earth radii.
These currents show variations of thousands of kilometers in position
in intervals of 24 hours or less. Changes in direction of the currents
occur within relatively short times. During magnetic storms, the main
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portion of the ring current appears to be located in the inner part of
the outer radiation belt during the main phase and to move closer to the
earth as the storm progresses. The current-producing particles move into
the gap between the Van Allen radiation belts and are absorbed by the
atmosphere in consequence of a lowering of their mirror altitudes.

The interface between the geomagnetic field and the interplanetary
magnetic field is between 5 and 10 earth radii from the earth. The mag-
netic field at thls interface has a total intensity between 0.1y and
100y. Both position and field strength depend on the solar actlvity.

At these distances, almost periodic oscillations in amplitude occur,
sometimes accompanied by rotational changes of the field directlon.

The interplanetary magnetic field is nearly constant 1n magnitude
between 2y and 5y and nearly uniform in direction. In addition, there
is strong agreement in the daily trends and in the occurrences of magnetic
disturbances between the interplanetary field and the field at the earth's
surface. Most moderste to strong fluctuations in the interplanetary mag-
netic field, according to Pioneer V (1960 Alpha) data, follow closely
after the occurrence of major flares. Flares of lesser lmportance are of
greater significance for conditions outside the earth's magnetosphere
than at the earth's surface. Events conspicuous at the earth's surface
are assoclated with temporary changes in the background level of the mag-
netic field at the probe; whereas, the appearance of transients against
the background level at the probe are indistinguishable at the earth's
surface. The cause of the change of background level of the magnetic
field as opposed to the transients 1s thought to be the difference in
sizes and duration of the corpuscular clouds in transit.

At this time no evidence of a lunar magnetic field has been dis-
covered. Any such field appreciably above the surface of the moon 1s
indicated by a Soviet cosmic rocket to be less than 60y, the lower limit
of the rocket's magnetometer.

Langley Research Center,
Netional Aeronautics and Space Administration,
langley Air Force Base, Va., November 21, 1961.
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TABLE I.- THE RELATION OF THE u;-MEASURE TO THE u-MEASURE*

o7

u 0.3 0.5 0.7

u; |0 20 Lo

0.9
o1

1.2

9

1.5
96

1.8
108

2.1

118

2.7

132

23.6
140

¥*
From reference 1.
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TABLE ITI.- Contributing observatories and lower limits of ranges (R) in D, H, or Z

for three-hour-range indices (K)*

Observatdory (a)

an
abbreviation (b)

Geographical
co-ordinates

For value of K

(a) ) @ AE 0 1 2 3 4 5 6 ki 8 9
° ° Y ¥ y Y y y Y 4 y y
Godhavn Go 69.2 3065 O 18 38 72 144 250 430 720 1200 1800
Sodankyld So 674 266 0 10 20 40 80 140 240 400 660 1000
College Co 649 2122 O 25 50 100 200 350 600 1000 1650 2500
Dombaas Do 62.1 9.1 0 8 15 30 60 105 180 300 500 750
Lerwick Le 60.1 3588 O 10 20 40 80 140 240 400 860 1000
Sloutzk Sl 59.7 30.5 0 6 12 24 48 85 145 240 400 600
Sitka 8i 57.0 2247 O 10 20 40 80 140 240 400 660 1000
Rude Skov RS 55.8 12.5 0 6 12 24 48 85 145 240 400 6800
Eskdalemuir Es 55.3 356.8 0 8 15 30 60 105 180 300 500 750
Meanook Me 546 246.7 0 15 30 60 120 210 360 800 1000 1500
Witteveen Wi 52.8 6.7 O 5 10 20 40 70 120 200 330 500
Niemegk Ni 52.1 12.7 0 5 10 20 40 70 120 200 330 500
Abinger Ab 51.2 359.6 0 5 10 20 40 70 120 200 330 500
Chambon-la-Forét CF 48.0 2.3 0 5 10 20 40 70 120 200 330 500
Agincourt Ag 438 2807 O 6 12 24 48 85 145 240 400 6800
Cheltenham Ch 387 2832 O 5 10 20 40 70 120 200 330 500
San Fernando SF 385 3538 O 4 8 16 30 50 85 140 230 350
Tucson Tu 32.2 2492 O 4 8 16 30 50 85 140 230 350
78-S@ Zs 311 1212 O 3 6 12 24 40 70 120 200 300
Honolulu Ho 21.3 201.9 0 3 8 12 24 40 70 120 200 300
San Juan lS(] 18.4 293.9 0 3 6 12 24 40 70 120 200 300
Kuyper u - 6.0 106.7 0 3 8 12 24 40 70 120 200 300
Huancayo Hu -12.0 284.7 O 8 12 24 48 85 145 240 400 600
Apia Ap -13.8 188.2 O 3 6 12 24 40 70 120 200 300
Watheroo Wa -30.3 1159 0 4 8 16 30 50 85 140 230 350
Pilar Pi -31.7 2988.1 0 3 8 12 24 40 70 120 200 300
Cape Town CT -33.9 185 O 3 8 12 24 40 70 120 200 300
Amberley Am -43.2 172.7 0 5 10 20 40 70 120 200 330 500

¥*.
From reference k.




TABLE III.- RELATION BETWEEN K AND ak*

59

K o112 3 N 51 6 7 8 9
ay | 0|3 7| 1|27 | 48] 80 140 | 240 | 40O
*From reference 5.
TABLE IV.- RELATION BETWEEN K; AND ap*
Kp| 00 or| 1-| 20| 24| 2#| 20| 24| 3-| 30| 3+ L4-| bo| L+
a, ol2| 3| 4|56 7 9 {12 |15 | 18| 22 | 27 | 32
Kp| 5-| 50| 5+ 6-| 60| 6+ T7-|1 Tol T+| 8-| 8o| 8+ 9-1 9o
ap |39 48 |56 |67 [80 fob |111 |132 [154 [179 207 [236 {300 |400
*From reference 5.
TABLE V.- APPROXIMATE RELATION BETWEEN C; AND Ap*
Cy | 0.0} 0.1} 0.2] 0.3 0.4} 0.5| 0.6 ] 0.7 0.8 0.9 | 1.0
Ap | 2 4 5 6 8 9 11 12 14 16 19
cy | 1.1 2| 1.3 1.4] 15| 16| 1.7 1.8 1.9 2.0
A, 22 26 31 37 Ly 52 63 80 110 160

*
From reference 5.
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TABLE X.~ The first eight Gauss coefficients of the Earth’s magnetic potential (V)

expressed in units of 10-4 CGS*

0 1 1 0 1 1 2 2

Source Epoch £y - h 1 g gy h2 € h2
Gauss 1835 - 3235 -311 +625 + 51 +292 + 12 - 2 +157
Erman-Petersen 1829 - 2201 - 284 +801 - 8 +257 - 4 - 14 +1486
Adams 1845 - 3219 - 278 +5178 + 9 + 284 - 10 + 4 +135
Adams 1880 - 3168 - 243 +803 - 49 +297 - 15 + 61 +149
Fritsche 1885 - 3164 -241 +591 - 35 +286 - 75 + 68 +142
Schmidt 1885 - 3168 -222 +595 - 50 +278 - + 65 +149
Dyson and Furner 1922 - 3095 - 226 +592 - 89 +299 -124 +144 + B4
Afanasieva (8) 1945 - 3032 -229 +590 -125 +288 - 1486 +150 + 48
Vestine and Lange 1945 - 3067 -211 +581 -127 +296 -166 +164 + 54

*
From reference L.




[The reversal of sense between the two systems arises from the change

TABLE XI.- GAUSSIAN COEFFICIENTS EPOCH 1955.0%

of sign in the definitlon of the potential]

Gaussisn coefficients

Solution Solution Solution Solution
t Gauss 2 Sctemidt ! Gauss 2 Sclznnidt
gg 0. 3054 0.3055 -0.3055 gg -0.0072 -0.0072 0.0091
gg .0228 ,0228 -.0152 ga ,0079 .0080 -.0038
&3 -.0295 -.0295 .0118 &2 .0021 .0017 -.000k
gg -.0419 -.0k15 .0095 gg .0229 .02k1 -. 0024
3‘53 .0198 .0209 -,0027
gg -.0149 -.0150 .0010 hg . 0008 . 0008 -.0009
By .0008 .0008 - . 000k
e .0226 .0227 -.0227 ng .0019 .0023 -.0005
g; -.052k -.0525 .0303 hg . 000k -. 000k . 0000
g; .0585 .0586 -.0191
&} -.0lko -.0kko . 0080 gt -.0023 -. 0023 .0031
el -.0%25 -.0322 .00%2 g‘% 003k .00%k -.0015
e} -.0108 -.0093 .0005 & .0017 .0016 -.0003
by -.0592 -.0590 .0590 nﬂ .0012 .0012 -.0017
3 .0330 .0329 -.0190 h; .0032 .0031 -. 0014
h% . 0140 .0138 -. 0045 n’é . 0005 . 0006 -.0001
By -.0080 -.0082 .0015
nl -.0022 -.0017 .00G2 € .0005 .0005 -.0007
hé . 0055 .00k -.0002 gg -.0001 -.0001 . 0000
€ -.0137 -.0137 .0158 hg -.0006 -. 0006 . 0009
g§ -.02k5 -.024k .0126 hg . 0006 . 0006 -. 0003
gﬁ -.0225 -.0227 .0058
g% -.0155 -.0155 .0020 gg L0007 . 0007 -.0011
gg -.0013 -.0025 . 0002
ng .0001 .0001 -. 0001
w2 -.0022 -.0021 0024
h% -.0056 -.0057 .0029
By .0116 .0121 -.0031
hg -.0068 -.0075 .0010
ng -.0177 -.0166 L0011

*pFrom reference 8.
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TABLE XII.- probability that daily ranges of horizontal intensity (H), magnetic declination (D},

and vertical intensity (Z) will exc
geomagnetjc latitudes

eed various magnitudes in different
(®), 12 months, 1932-33%

Ele-

Probability that daily ranges will exceed magnitude in ¥ of

South Crkneys

Observatory -
ment 0 ] so[ 1001 150| zoo{ 300[ 4001 500J sool 7oo£soo] 900 1000|1100[1200[1300
H Thule .0 1.000 .943 .730 . ,098 .035 .012
Boar Tatand 3 1.0 (990 1983 o91 493 343 1231 137 [0a8 038 035 020 .009
Bear Islan I 980 . . D .6 . 137 . .056 . . . .002
{‘t‘xliannehaab .8 1.000 .930 .871 . 2 .699 .529 .373 174 120 .085 .058 .038 .021
ort Rae .0 1.000 .990 .971 . 719 585 .426 226 .168 .128 .095 .074 .058
Tromsd .1 1,000 .943 .855 . 478 365 .278 .159 .118 .087 .062 .043 .029
Petsamo_ .9 1.000 .909 .735 . 427 .331 .252 .139 .098 .067 .044 .027 .015
Sodankyld .8 1.000 .862 .582 299 .231 .181 .115 .090 .070 .053 .037 .025
Sitka .0 1.000 .654 .309 .098 .063 .037 .003
Rude Skov .8 1.000 .602 .123
Cheltenham .1 1.000 .463 .060
Tucson .4 1.000 .372 .030
Honolulu 21.1 1.000 .186 .022
Huancayo - 0.6 1.000 .980 .685
Pilar -20.2 1.000 .375 .047
Watheroo -41.8 1.000 .272 .013
South Orkneys -50.0 1.000 .348 .028
D Thule +88.0 1.000 .901 .854 043 .007 .002
Godhavn +79.8 1.000 .980 .870 204 .113 .069 . .027 .015 .007 .002
Bear Island +71.1 1.000 .971 .885 .353 .198 .096 . .012 .003
Juliannehaab +70.8 1.000 .962 .828 .385 .251 .1568 . .057 .030 .012 .003
Fort Rae +69.0 1.000 .971 .847 413 .275 174 . .055 .027 .012 .003
Tromsd +67.1 1.000 .885 .802 217 .132 .086 . .031 .014 .003
Petsamo +64.9 1.000 .826 .538 178 .089 .052 . .006
Sodankyld +83.8 1.000 .794 .408 087 .051 .027 . 001
Sitka +60.0 1.000 .855 .418 056 .031 .015 .
Rude Skov +55.8 1.000 .725 .176
Cheltenham +50.1 1.000 .746 .173
Tucson +40.4 1.000 .680 .041
Honolulu +21.1 1,000 .403 .008
Huancayo - 0.8 1.000 .178 .008
Pilar -20.2 1.000 .380 .010
Watheroo -41.8 1.000 .595 .056
South Orkneys -50.0 1.000 .488 .084
Z Thule +88.0 1.000 .709 .373 013 .001
Godhavn +79.8 1.000 .990 .962 .505 .299 .156 .041 .020 .009 .003
Bear Island +71.1 1.000 .990 .935 599 .375 .244 .113 .078 .049 .028 .012 .003
Juliannehaab +70.8 1.000 .990 .971 629 .424 .287 .150 .114 .088 .068 .052 .039
Fort Rae +69.0 1.000 ,990 .943 588 .429 .304 139 .089 .055 .033 .018 .005
Tromsd +87.1 1.000 .917 .741 .306 .205 .139 058 .035 .020 .009 .004 .001
Petsamo +684.9 1.000 .917 .769 324 .224 .155 075 .050 .034 .022 .014 .008
Sodankyld +63.8 1.000 .847 .845 .255 .148 .081 .026 .016 .009 .005 .003 .001
Sitka +60.0 1.000 .837 424 104 .083 .044 016 .008 .002
Rude Skov +55.8 1.000 .364 .128 ,025 .011 .003
Cheltenham +50.1 1.000 .137 .024
Tucson +40.4 1.000 .053 .009
Honolulu +21.1 1.000 .483
Huancayo - 0.6 1.000 .011
Pilar -20.2 1.000 .015
Watheroo -g].ﬂ 1.000 .408 .125
-50.0

1.From reference k.

*Ge omagnetic latitude.
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TABLE XIII.- Expectation of number of days elapsing before dailly ranges in
horizontal intensity (H), magnetic declination (D), and vertical
intensity (2) will exceed various magnitudes in different

geomagnetic latitudes (¢), 12 months 1932-33t

Expected number of days elapsing before daily ranges
exceed magnitude in 7

0 [50[100 150 200[300]40 1500L600l77ooLgoolkgql}oool1100 200[}300

28 85 380
6 10 18

E\leen-t Observatory

O

H Thule
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Bear Island
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Sitka
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TABLE XIV.- Percent of time that three-hour range of disturbance in D,
H, or Z is 1ess than the various ranges (R) derived from three-
hour-range indices (K) for 1940 from 28 observatories™

Geo- Ranges (R) in gammas)
Observatory magnetic -

latitude | 5 { 10 [ 20 ] 30 } 50 l 15 [ 100 [ 200 ] 500

° %o %o %o %o %o %0 %o %0 %0

Godhavn 79.8 0 0 1.3 6.6 19.0 38.9 55.9 83.8 98.3
College 64.5 0 8.6 19.3 29.2 48.8 61.1 69.4 82.1 93.8
Sodankyld 63.8 3.0 19.4 40.8 51.9 63.2 71.6 77.6 90.0 97.8
Lerwick 62.5 0 8.5 34.6 52.6 71.1 82.7 89.3 95.7 98.2
Dombaas 62.3 11.0 26.1 46.8 61.9 76.7 86.8 90.7 96.1 98.5
Meanook 61.8 0 7.0 32.7 43.1 57.3 68.1 74.9 87.2 96.7
Sitka 60.0 0 16.6 41.5 53.8 70.4 80.1 85.8 94.1 96.0
Eskdalemuir 58.5 Q 11.0 40.6 61.3 80.4 91.3 94.8 98.2 99.5
Sloutzk 58.0 2.0 18.9 41.1 59.2 79.7 89.8 94.6 98.1 99.3
Rude Skov 55.8 13.8 34.0 55.5 69.1 B4.5 92.0 95.3 98.3 99.5
Agincourt 5.0 7.0 28.0 51.0 65.9 83.1 90.1 93.7 98.1 99.7
Witteveen 4.2 12.4 31.5 58.2 72.1 87.3 94.3 96.7 99.1 99.9
Abinger 54.0 1.7 23.9 53.3 69.3 87.9 94.6 97.1 99.0 99.9
Niemegk 52.2 13.3 38.0 64.9 76.0 88.8 95.0 97.0 99.2 99.9
Chambon-la-Forét 50.4 17.3 43.7 72.0 83.3 94.3 917.6 98.7 99.8 100.0
Cheltenham 50.1 13.9 35.0 80.7 73.1 88.7 94.8 97.4 99.0 99.9
San Fernando 41.0 13.8 32.3 60.2 75.8 91.1 96.7 98.2 99.6 100.0
Tucson 40.4 21.1 45.0 70.9 85.1 94.6 97.7 98.9 99.6 100.0
San Juan 29.9 31.5 65.6 86.7 93.7 98.0 98.7 99.0 899.9 100.0
Honolulu 21.1 43.2 66.9 87.0 94.6 97.9 99.0 99,2 99.9 100.0
76-5¢ 19.8 10.7 34.3 70.8 86.6 96.1 98.3 08.9 99.9 100.0
Huancayo - 0.8 9.0 30.0 54.6 70.8 86.8 93.0 95.5 98.8 99.9
Apia -18.0 25.7 57.5 84.7 94.5 97.9 99.0 99.2 100.0 100.0
Kuyper -17.5 33.0 59.2 82.3 92.5 97.0 98.6 99.0 100.0 100.0
Pilar -20.2 24.3 48.9 1.8 88.9 97.1 98.5 99.0 99.9 100.0
Cape Town -32.7 40.0 64.3 86.1 94.5 97.9 99.0 99.3 99.9 100.0
Watheroo -41.8 23.0 48.0 78.6 89.8 96.5 98.3 98.7 99.6 100.0
Amberley -47.17 9.8 33.8 67.2 80.3 92.7 96.7 98.1 99.5 99.9

*

From reference k,
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TABLE XV. - Total number of fluctuations of various rates of change and semidurations for H, D, and Z, Petsamo
September 1, 1932, to August 31, 1933%
Semi- Number of fluctuations for rate of change in ¥/sec
dtl;;; Horizontal intensity Declination Vertical intensity
¢ 11 12 Jale|s|totm| 1 | 2[4 ]6]8]Totar |1 ]2i4[sis | Total
10 421 141 33 13 13 621 985 135 28 9 11 1,168 67 35 11 ki 3 123
20 B48 296 49 6 3 1,202 970 105 8 2 3 1,088 294 120 27 8 3 452
30 812 231 47 1 0 1,091 597 5 7 0 0 679 309 112 27 2 0 450
40 493 139 20 8 0 660 342 52 2 1 0 397 196 85 18 1 0 298
50 353 109 22 1 2 4817 243 33 4 2 0 282 151 59 23 3 2 238
60 196 54 12 1 0 263 136 20 3 0 o 159 102 33 4 2 1 142
70 177 38 3 3 0 221 116 13 2 0 O 131 50 36 6 0 0 92
80 102 32 8 1 1 144 80 12 1 0 0 93 41 16 6 3 0 66
90 88 16 3 0 0 107 52 2 1 0 0 55 29 17 4 0 0 50
100 79 36 11 0 0 126 49 8 0 0 O 57 57 16 2 0 0 75
110 46 14 2 2 0 64 34 2 2 0 0 38 26 6 5 1 0 38
120 33 11 4 2 0 50 37 1 0 0 O 38 23 6 3 0 1 33
130 21 11 2 1 0 35 27 2 0o 0 0 29 15 6 1 1 0 23
140 21 4 1 0 0 26 17 3 0 0 O 20 16 5 3 0 0 24
150 22 16 1 0 0 39 16 0 0 0 O 16 15 8 1 0 0 24
160 10 2 0 0 0 12 ki 0 0 0 o0 ki 3 5 0 0 0 8
170 9 3 0 0 0 12 15 1 0 0 1 17 4 6 0 0 0 10
180 8 L 0 0 0 12 6 2 0 0 0 8 2 4 0 0 0 ]
190 4 2 1 0 0 7 2 1 0 0 0 3 9 5 0 0 0 14
200 12 4 0 0 0 16 10 1 0O 0 0 11 11 2 0 0 0 13
210 3 1 0 [1 ] 4 4 1 0 0 0 5 4 0 0 0 0 4
220 4 5 1 0 0 10 3 0 0 06 0 3 8 1 0 0 0 ]
230 4 2 0 0 0 6 3 1 0O 0 0 4 2 2 1 0 0 5
240 6 3 0 0 0 9 4 1 g 0 0 5 2 2 1 0 0 5
250 4 1 1 0 0 6 7 0 ¢ 0 0 7 4 1 1 0 0 6
260 4 2 0 0 0 6 3 0 0 0 0 3 1 1 0 0 0 2
270 3 1 0 [4] 0 4 3 0 0 0 0 3 1 4 1 0 0 6
280 3 2 0 [} 0 5 1 0 0 0 0 1 0 2 0 0 0 2
Total 3,786 1,180 221 39 19 5,245 3,769 471 58 14 15 4,327 1,442 595 143 28 10 2,218

¥
From reference 4.
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TABLE XVIII.- MEASUREMENTS OF CAPETOWN ANOMALY™

Measured value

Tocation minus
computed value
Longitude, Latitude, Height, SWC, Finch and Leaton,

OE. Cs. km gammas gammas

26 10 2,990 Lo 138

29 13 1,790 21k 41

28 27 3,740 -188 -80

28 29 2,750 -290 -119

¥*
From reference 36.
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TABLE XX.- PROPOSED FLAHE-SATELLITE EVENT IDENTIFICATIOR WITH SUR TO

PIOREER V (1960 ALPHA) DELAY TIMES AND MEAN VELOCITIES™

Flare ) Pioneer Vv

Case Date Time KNom. Plageg Activity Disk End of Beginning of Elepsed Approx. Average

Imp. Region> Posi- Last Trans- First Trans- Time, Distance Velocity

tion mission mission Ex- (Hrs) -6 (Xm/sec)

Preceding hibiting Event {Km x 107} (x 10-3)

Event

Date Time Date Time Low__ High
1, Mar 17 1616 1+ 5597 =---- NOuW29 | Mar 19 0735 Mer 19 1400 39 - 46 1k7 .89  1.05
1908 1 5597  ---- ROSW33 o1 1400 36.5 - 43 147 95 L.12
2. 24 0645 2 560k  60-3B N20W32 26 0220 26 0640 43,5 - L8 147 .85 .9k
093% 1+ 5604 60-5B N16W33 0220 0640 S 1k7 .91 1.0
1055 1+ 5600 60-S5D 510W65 0220 06ko 50 - bb 147 .93  1.02
3. 25 1504k 1+ 5610 (60-R)? NL2EOh 28 0700 28 1310 64 - 70 k7 .58 .64
26 0558 1 5604  60-SB NLEW60 0700 1310 kg - 55 1k7 .Th .83
27 0150 1+ 5607 60-3A N12W51 0700 1310 29.5 - 35.5 1h7 1.15 1.38
0634 3 5607 60-5A N20W50 0700 1310 2h.5 - 30.5 147 1.3%  1.67
b, 27 0150 1+ 5607 60-8A W12W51 2 0700 29 1330 53.5 - 60 147 .68 .76
063k 3 5607 60-SA N20W50 0700 1330 U48.5 - 55 147 T .84
0912 1+ 5607 60-8A N20W53 0700 1330 L6 - 52 147 .78 .89
5. Apr 9 0123 2+ 5627 60-J WISEG8 | Apr 11 0230 Apr 11 0535 49 - 52 145 T .8
w0ks 2 5619  —--- N11W61 0230 0535 50 - 43 145 .94 1.01
11ko 2 5627 60-J NL7E6L 0230 0535 39 - b2 145 .96  1.03
6. 10 1353 2 5627 60-J NLOELS 11 1720 12 0545  27.5 - ko 145 1.0 1.L6
1643 1+ 5619  ---- NL7wW82 1720 os5ks 24,5 - 35 1hs 1.15 1.64
7. 12 0551 1+ 5625 60-L S10W16 13 2310 1% 1130 k1 - sk 1Ly JTh .98
0925 2 5627 60-J R15E20 2310 1130  37.5 ~ 50 1k B0 1.07
1205 2 5627 60-J N10E18 2310 1130 35 - 47.5 144 .84 1.04
8. 14 0305 1+ 5627 60-J NOTWOL 16 0530 16 1120 50.5 - 56 144 W71 .79
9. 17 0309 1+ 5627 60-J N1OWhl 18 2330 19 0510 L4.5 - 53 1kk .76 .90
0333 1+ 5633 60-R NOSEL9 2330 0510 43 - 49.5 14y .81 .93
OLlo 1+ 5630 60-5D  S09WL3 2330 0510 43.5 - 49 1Ly .82 .92
10. Apr 19 0847 1+ 5633 60-R N11EO7 | Apr 20 1710 Apr 21 1045 32 - 50 143 79 l.24
1500 1+ 5630 60-SD S10Wky 1710 1045 26 - 4h 143 .90 1.53
11, 20 1021 1+ 5634 60-8SA R25E08 22 1110 22 1640 9 - sk 143 .7h .81
1256 1+ 5634 60-SA HW25E0L 1110 1640 b§ - 52 143 .76 .86
131k 2 5633  60-R NL2W17 1110 1640 46 - 51 143 .78 .86
21 0020 2- 5634 60-5A  W26wo8 1110 1640 35 - 4o 143 .99 1.13
12. 26 0304 2 5645  60-K S09E6L 27 1640 28 1030 38 - 55.5 1k2 .TL 104
0605 1+ 5636 ---- NOBWEL 1640 1030 35 - 52.5 1l .75  1.13

*From reference 55,

INominal importance.
AMcMath plage number.
3H1gh Altitude Observatory designation.




TABLE XXI.- GENERAL CHARACTERISTICS OF MAGNETOMETERS

>

.’-

Types of magnetometer

on drifts, cali-
brations, etc.

* Proton .
Component class precessional Optical pumping
Quantlity Field along one axis| Total intensity [Total intensity
measured
Detected signal| Voltage or current Frequency Frequency
Measurement Percentage of range Absolute Absolute
obtalned scale; dependent

ments

Dependence on Dependent on Not dependent on | Not dependent
orientation on
Range Wide 1f specilal Not practical in Exceptionally
techniques are very wesk fields wide
used beyond one Earth
radii
Power require- Low High Low

Reference 58.
*Included in this type are saturable cores, electron beams, spinning

colls, and Hall

generators.

**With additional instrumentations and special techniques, all
magnetometers can measure the complete vector field.
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Figure 2.- The total magnetic-field intensity F, 1ts rectangular
components X, Y, Z, and the elements H, D, I. (From ref. 2.)
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Figure 3.- Illustrating the calculation of geomagnetic coordinates.

(From ref. 1.)
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Figure 4.- Illustration of the magnetic dipole. (From ref. 1.)
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Figure T.- Geomagnetic components of quiet-day solar daily variation
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latitudes.
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Figure 8.- Geomagnetic components of disturbance daily varlation
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particularly that scales for graphs in auroral reglons are different
from others. )
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Figure 8.- Continued.

Mean over years 1922 to 1933.
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Mean for years 1922 to 1933.
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Figure 8.- Concluded.
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(b) Sp current system. (c) Dgt current system.

Figure 20.- Current systems for a height of 150 kilometers for maximum
of initial phase of magnetic storms; view from above geomagnetic
north pole; 100,000 amperes flow between successive full-drawn cur-
rent lines. (From ref. 4.)
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(b) Sp current system. (¢) Dgt current system.

\
Figure 21.- Current systems for a height of 150 kilometers for main
phase of magnetic storms. View from above geomagnetic north
pole; 100,000 amperes flow between successive full-drawn current
lines. (From ref. k.)
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and annual mean sunspot numbers Ng. (From ref. 2.)
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Figure 25.- Differences between the measured field and the field com-
puted by Jensen and Whitaker from the U.S.N.H.O. charts as a func-

tion of altitude with orbit computation at one-week intervals.

ref. 36.)
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Figure 25.- Continued.
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Figure 25.- Contlnued.
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Figure 26.- Differences between the measured field and the computed
fields as a function of altitude with orbit computation at one-week

intervals.
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(a) State University of Iowa flight no. 59.
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Figure 28.- Measured magnetic-field intensity as a function of altitude

compared with the inverse cube law.

(From ref. 40.)
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Figure 28.- Continued.
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Figure 28.- Continued.
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Figure 29.- Magnetic-field intensity as a function of altitude. (From
ref. Ll.)
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Figure 31.- Magnetic-field intensity in plane perpendicular to the spin
axis F, as a function of altitude. (From ref. L2.)
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Figure 33.- Magnetic-fleld intensity as a function of altitude.
Curves 1 and 2 represent data obtained during the flight of the
_.First and second Soviet cosmlc rockets, respectively. Curve 3 shows
the theoretical variastion of the magnetic fileld based on the dipole
and quadrupole terms. (From ref. 43.)
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Figure 35.- Comparison between the results of the model calculation
and Pioneer V data. (From ref. uh.)
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Figure 36.- Magnetic-field intensity in plane perpendicular to the spin
axis F| as a function of altitude. The solid curve 1s the theo-

retically expected value. (From ref. 47.)
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Figure 37.- Magnetic-fleld intensity in plane perpendicular to the spin
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retically expected value. (From ref. 47.)
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